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Abstract 
 
 
In a wide variety of industrial applications, an increasing demand exists to 
improve the quality of the energy provided by electrical systems. Besides the 
reliability and availability of electric power, the power quality is now becoming 
an important issue. Among the causes of the poor power quality, the harmonics 
are included as the reason which contributes the majority of power failures. Many 
efforts have been developed to solve the harmonics problem as, for instance, to 
install special devices such as active filters. 
This research work deals with the development of direct power control using the 
hybrid predictive control approach. The hybrid control considers each voltage 
vector of the converter as a discrete entity which will be applied to control a 
continuous linear system. One criterion to calculate the optimal voltage vector to 
apply will be established for the predictive control model. The optimal voltage 
vector to apply for each switching period, and the corresponding application time 
will be used to approach the actual value of the state variables of the system to the 
desired reference point. Two instantaneous power theories will be used, i.e. pq0 
and pqr instantaneous power theory for a shunt active power filter application 
implemented in 3-phase 4-wire system. These instantaneous power theories have 
been developed to be applied to unbalanced systems using the power variables to 
obtain the currents that should be injected from active filters. The active filter will 
produce the required reactive power for the load and compensate the ripple 
component of active power so that the source only delivers constant active power. 
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Résumé 
 
Dans une large variété d'applications industrielles, il existe une demande 
croissante pour améliorer la qualité de l'énergie fournie par les systèmes 
électriques. En plus de la fiabilité et de la disponibilité d'énergie électrique, la 
qualité de la puissance fournie devient maintenant une question importante. Parmi 
les causes de la pauvre qualité de puissance, les harmoniques sont considérés 
comme la raison qui contribue à la majorité de pannes de courant. Beaucoup 
d'efforts ont été développés pour résoudre le problème des perturbations 
'harmoniques comme, par exemple, installer des dispositifs spéciaux tels que les 
filtres actifs. 
Ce travail de thèse traite le développement d’une commande directe de puissance 
utilisant l'approche prédictive hybride. La commande hybride considère chaque 
vecteur de tension du convertisseur comme une entité discrète qui sera appliquée 
pour commander un système linéaire continu. Un critère pour calculer le vecteur 
optimal de tension à appliquer sera établi à partir d’un modèle prédictif. Le 
vecteur optimal de tension à appliquer pour chaque période de commutation, et le 
correspondant temps d'application seront utilisés pour approcher la valeur réelle 
des variables d'état du système au point de référence désiré. Deux théories de 
puissance instantanées seront employées, p-q et p-q-r, pour une application de 
filtre active parallèle de puissance dans un système triphasé de 4 fils. Ces théories 
instantanées de puissance ont été développées pour être appliquées aux systèmes 
non équilibrés utilisant les variables de puissance pour obtenir les courants qui 
devraient être injectés par le filtre actif. Le filtre actif produira la puissance 
réactive demandée par la charge et compensera la composante d'ondulation de la 
puissance active de sorte que la source livre seulement la puissance active 
constante. 
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1. Background  
According to used topology, there are two kinds of the power systems, 3-phase 3-
wire systems and 3-phase 4-wire systems. The 3-phase 3-wire systems are usually 
used for high voltage transmission system whereas the 3-phase 4-wire systems are 
used for the distribution systems with lower voltage. There are many industries 
use the 3-phase 4-wire systems for their power system topology. 
In a wide variety of industrial applications, an increasing demand exists to 
improve the quality of electrical system. Besides the reliability and availability of 
electric power, the power quality is now becoming an important issue. There are 
many disadvantages caused by the poor electrical power from the failure of the 
sensitive apparatus until the failure of the utility. The financial loss caused by 
these failures, in fact, varies according to the industry supported by the power 
source, but according to the report, there has been million of dollars of loss 
because of the electric power failure. 
Among the causes of the poor power quality, the harmonics are included as the 
reason which contributes the majority of power failure. In this case, many efforts 
have been proposed to solve the harmonics problem. These efforts can be 
classified as: 
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- The obligation of the power quality standards in power system such as 
IEEE 512 or IEC. 
- The modification of the load arrangement 
- The installation of special devices such as passive or active filters. 
The standards released by the engineer society such as IEEE and IEC mostly are 
preferable for the new electrical installation because the easiness to choose the 
desired apparatus. For a well established electric system, this will need a huge 
change.  
On the other hand, the installation of active or passive filters is more preferable 
for an established system. The passive filters are easy to design and to install. The 
disadvantage is that usually they are too bulky thus space consuming. Also, they 
used to be designed for certain harmonics. These problems lead to the use of 
active filter using the 3-phase converter. The basic concept of an active filter is to 
eliminate the source current harmonic. This technique is easy to understand 
whereas the converter will inject the minus of the harmonics to each phase line of 
the source. However, if the installed load is not balanced, the source current will 
not balanced either. 
The instantaneous power theory introduced by Akagi is able to solve the 
balancing problem. Instead of using directly the load current variables, this theory 
takes the advantage of the load power variable, active and reactive power. Using 
the power equilibrium, it is possible to balance the source side of the system.  
The use of 3-phase converter needs a fast control technique especially for the 
active power filter (APF). Usually the 3-phase converter needs the current 
regulator and voltage modulation block separately. The design of current regulator 
is sometimes a time consuming and the modulation block usually has the problem 
in the overmodulation range. 
There has been a direct power control (DPC) technique proposed to solve these 2 
problems. The DPC acts as the combination of current regulator and modulation 
block. The DPC is introduced using the hysteresis control or look-up table method 
to choose a correct voltage vector for the converter. Although the DPC is known 
as a fast control technique for the rectifier application, the hysteresis or look-up 
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table is not suitable for the active power filter application since it needs a wider 
power bandwidth rather than a constant power reference. 
  
2. Problem Description 
This work addresses the study of the control approach applied to the active power 
filter in 3-phase 4-wire power system. The predictive control method with hybrid 
approach is chosen for this purpose.  
The common method for the power quality measurement is to have the harmonic 
content of the load current where, if there is no active power filter, would be the 
same as the source current. The calculation procedure normally for generating the 
reference is to count the power flowing to the load, separate a certain value of 
power, and use this value to have current references for each phase of the 
converter. The modulation block will generate the voltage so that the converter 
will act as a current source.  
Because the active power filter needs a wide bandwidth, a gross calculation 
should be made in a very short time. This will lead to an expensive control 
system. 
The cost effective solution is to use the direct power control method. However, a 
modification of this technique will be required to extend the bandwidth of the 
active power filters. 
 
3. Literature survey 
In this section, some examples of general literatures related to this work are 
presented. More thorough discussions can be found in the corresponding sections. 
An abundant literature dealing with the PWM method current controllers can be 
found in the text books in [1], which is constructed from various authors of 
papers. The important summary of current PWM method is also presented in [2]. 
For special modulation done in the 4-leg converter, Boroyevich etc. give a very 
good description in [3,4].  
The predictive controls are well discussed in [1], and the papers which deal with 
this kind of controller can be observed in [5-8]. 
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Akagi etc have presented the thorough explanation about instantaneous power 
theories in their text book in [9]. In this book, the p-q power theory is described in 
detail and its application in active power filtering has been discussed. In a power 
system with a very high load, usually it is preferable to use several active power 
filters working in parallel to increase the reliability. An interesting approach of 
this method using the p-q theory is demonstrated in [10]. 
The other power theory, i.e p-q-r power theory proposed by Kim is discussed 
clearly in [11,12]. Here the comparison with the p-q theory is presented and its 
superiority upon the p-q theory is also discussed. As for the hybrid control used in 
power electronics can be found in [13]. 
 
4. Methodology and Outline 
As the power electronic technology develops, the use of power converter in the 
power system becomes more and more significant. The problems caused by the 
nonlinear loads – which did not emerge formerly because of mostly used linear 
loads – now are affecting the power system and cannot anymore be neglected. The 
power electronic devices, on the one hand, are considered responsible for these 
problems. On the other hand, it is possible to mitigate the problem also by using 
the power electronic technology. 
The active power filters which are simply constructed from PWM converters are 
now widely used to solve the harmonics problems in the power systems. 
However, as active power filters need high requirements such as fast response and 
wider bandwidth, it is important to observe the performance of the power 
converters acting as an active power filter.  
The conventional voltage source PWM power converters are usually operated as 
current sources and require the modulation block for generating the desired 
voltages. Thus, the performance of the current control and the modulation block 
will determine the performance of the power converters. During the survey on 
many literatures concerning the current control and modulation block, there are 
methods which can combine these 2 blocks thus the performance of the power 
converters can be increased. Among the methods, the predictive control is one of 
the best control methods to use in such applications. Nevertheless, the predictive 
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control method demands a fine modeling of the system and the control criterion to 
satisfy during one sampled period.  
The power electronics circuits generally consist of linear components such as 
resistors, inductors and capacitors, and nonlinear ones, i.e. the static switches 
themselves. This kind of system is called to have the continuous and discrete 
properties or in other term: a hybrid system. From the point of view of the hybrid 
system theory, it is possible to separate such system into several continuous states 
and have the response as the sum or the combination of them. This leads to the 
freely selected combination to reach one desired output. In this work, the hybrid 
control method will be blended with the predictive control to generate one control 
criterion to satisfy during each sampled period. 
To control the power converters operated as active power filters, it is also 
necessary to observe the instantaneous power theories which are fast developed 
recently. Two power theories, p-q and p-q-r power theory will be used for the 
active power filtering applications. The p-q theory gives an efficient process for 
the 3-phase 3-wire systems especially with the balanced voltage source. The p-q-r 
power theory offers the solution for the 3-phase 4-wire systems even if the source 
is not balanced.  
In this work, the combination between the predictive hybrid control and the 2 
power theories will be examined and tested in the active power filtering 
applications especially in 3-phase 4-wire topology. The hybrid circuit modeling 
will be carried out and a new hybrid control criterion will be proposed for the 
control strategy and will be tested.  
The organization of the work is described as the following. Since the importance 
of the control theory in 3-phase converters, chapter 2 entitled Modulation 
Technique and Current Controller in PWM Power Converter will be briefly 
explored. In this chapter, various method of PWM will be explored including the 
space vector PWM used for 3-phase 4-wire systems. A brief discussion on current 
controllers used in the PWM converter will be demonstrated also in this chapter 
including the predictive controllers. 
Chapter 3 will continue with the Introduction to the Power Based Control on 3-
Phase Power System. In this chapter, the instantaneous power theory will be 
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described in detail. The benefits and the disadvantages of each power theory will 
be presented. Also in this chapter, the compensation method of each power theory 
will also be discussed and will be applied both in 3-phase 3-wire and 3-phase 4-
wire systems. 
Chapter 4 will present about the implementation of Predictive Control with 
Hybrid Approach in 3-Phase 4-Wire Active Power Filter. In this chapter, the 
proposed hybrid predictive control will be presented. The analysis and the 
comparison between p-q and p-q-r power theory and its application on 3-phase 4-
wire active power filters will be conducted. All methodology developed in this 
chapter will be simulated using the PSIM simulation software. 
The conclusion and the suggestion for further work will be described in chapter 5. 
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1.1 Introduction 
The improvement of the semiconductor technology has given the opportunity to 
the application of power converters. The higher voltage and current rating and 
also better switching characteristic of the semiconductor components have 
expanded its utilization in wider area. Power converters are basically operated in 
the cut-off and saturation region, usually called ON-OFF region (no operation in 
the active region). This leads to the basic technique modulation called pulse width 
modulation (PWM) and becomes the basic of energy processing in converter 
system. 
The well known triangular carrier-based sinusoidal PWM for 3-phase converter 
was firstly proposed in 1964. Now, since the microprocessor based system 
develops very rapidly, the space vector modulation (proposed in 1982) became a 
basic modulation method in 3-phase PWM converter [1-4]. 
Figure 2.1 illustrates the 3-phase converter topology connected to 3-phase load 
with isolated neutral. The phase currents depend only on the voltage difference 
between phases. Thus, only with the condition that the mean value between 2 
phases can be maintained, the ac side currents will not be affected. This fact leads 
to the development of modulation technique. Some research tried to inject a 
certain amount of a certain harmonics to the reference to obtain lower ac side 
current harmonics or to extend the linear region of the modulation process [5-6]. 
There are other research objected to use the random PWM for lowering acoustic 
pollution of the converter or to solve the electromagnetic interference (EMI) 
problem. 
 
Figure 1-1 Three-phase power converter connected to a load with isolated neutral point 
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The 3-phase converter shown in Figure 1-1 can work either in inverter mode or 
rectifier mode. In the inverter mode, the power is delivered from the dc side to the 
ac side. In the rectifier mode, the power is delivered otherwise. The PWM control 
applied to the converter is able to control the flow of the power in the system. 
In this section, the PWM technique which is mostly used in industry will be 
presented. 
 
1.2. Open Loop PWM 
1.2.1 Terms and Issues 
The main issues which deal with the open loop PWM can be described as follows: 
- the linear region 
- the overmodulation region (including square wave) 
- the content of current / voltage harmonic and sub-harmonic 
The other issues concern about the simplicity, EMI and acoustic noise reduction. 
The terms which are known to characterize the PWM technique can be shown in 
Table 1-1. 
Table 1-1 Terms used for characterizing the PWM technique implemented in power 
converter 
No Name of parameter Definition and remarks 
1 Modulation index The number which gives the ratio between the 
magnitude of modulated (reference) signal to the 
magnitude of carrier signal. 
2 Maximum linear range Maximum ratio of modulation index in which 
the modulation still gives the linear response 
3 Overmodulation Nonlinear range used for increase the output 
voltage 
4 Switching frequency The number which represents how many times a 
switch commutates in one second 
5 Frequency modulation 
ratio 
The ratio between the switching frequency and 
the modulated (reference) signal 
6 Total Harmonic 
Distortion (THD) 
The method to measure harmonic content of 
voltage or current 
 
1.2.2 Carrier Based Sinusoidal PWM 
This technique produces the PWM signal by comparing the reference sinusoidal 
signals with the triangular carrier signal as shown in Figure 1-2. 
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Figure 1-2 Illustration of the implementation of carrier-based sinusoidal PWM to generate 
switching pattern in 3-phase power converter 
 
The modulation process results a switching pattern for the transistor switch as 
described in Figure 1-3. 
The modulation index m is defined as: 
 
mw
cw
U
m
U
=  (1.1) 
where: 
Umw:  peak value of the modulating wave, 
Ucw: peak value of the carrier wave. 
The constant switching frequency leads to the concentration of voltage harmonics 
around the switching frequency and its multiplication. The linear range is quite 
narrow where the maximum amplitude of carrier signal meets the maximum 
amplitude of reference signal. In case where the reference signal is a square wave 
with 50% duty cycle and amplitude 1, using the Fourier series decomposition, its 
fundamental component will have the amplitude equals to 4/pi which exceeds the 
triangular carrier signal. Therefore, the maximum amplitude of square wave 
should be pi/4 in order to have amplitude equals to 1 for the fundamental 
component. 
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Figure 1-3 The result of the modulation process 
 
1.2.3 Carrier Based Sinusoidal PWM with zero sequence signals injected 
If the neutral point of the ac side is not connected to the midpoint of dc side, the 
phase current will depend only on the mean voltage between 2 phases. Therefore, 
it is possible to inject a zero sequence signal (ZSS) to the reference. The purpose 
of this method is commonly to increase the linear range of modulation, or to have 
lower ac side harmonics, and or to lower the average switching frequency.  
The ZSS injection method can be separated into two groups i.e. continuous 
(CPWM) and discontinuous (DPWM). In CPWM methods, the modulation 
waveforms are always within the triangular peak boundaries and in every carrier 
cycle triangle and modulation waveform intersections. Therefore, on and off 
switching occurs. In DPWM methods a modulation waveform of a phase has a 
segment which is clamped to the positive or negative DC. In these segments, some 
power converter switches do not switch. Discontinuous modulation methods give 
lower (average 33%) switching losses. 
The modulation method with triangular shape of ZSS with 1/4 peak value 
corresponds to space vector modulation (SVPWM) with symmetrical placement 
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of the zero vectors in a sampling period. Third harmonic PWM injection with 1/4 
peak value corresponds to a minimum of output current harmonics. 
  
Figure 1-4 gives an illustration about several examples of these methods. 
 
a. SVPWM 
 
b. Injected with 3rd harmonic 
 
c. DPWM 1 
 
d. DPWM 3 
Figure 1-4 Several harmonic-injected modulation compared to the normal sinusoidal PWM 
shown in (a) 
Especially for the discontinuous PWM, there is generalized DPWM (GDPWM) 
which gives a general zero sequence signal to be injected to the fundamental 
reference. Figure 1-5 shows the illustration of GDPWM. 
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6pi
Ψ
3pi
 
Figure 1-5 Generation of zero sequence signal in GDPWM 
 
By shifting Ψ in Figure 1-5, it is possible to generate the zero sequence signals 
v0(t). DPWM1 and DPWM2 as shown in Figure 1-4 are the special cases of 
GDPWM where the Ψ is set 6pi  and 3pi  respectively. 
 
1.2.4 Space Vector Modulation (SVM) 
SVM is based on vector representation of ac side voltage of the converter. There 
are 8 possibilities of switching states in a 3-phase 2 levels converter as depicted in 
Figure 1-7. Table 1-2 shows the voltage between each phase and load neutral 
point. 
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Table 1-2 Voltage between each phase and load neutral point 
 Ua0 Ub0 Uc0 UaN UbN UcN UN0 
U0 -Udc/2 -Udc/2 -Udc/2 0 0 0 -Udc/2 
U1 Udc/2 -Udc/2 -Udc/2 2Udc/3 -Udc/3 -Udc/3 -Udc/6 
U2 Udc/2 Udc/2 -Udc/2 Udc/3 Udc/3 -2Udc/3 Udc/6 
U3 -Udc/2 Udc/2 -Udc/2 -Udc/3 2Udc/3 -Udc/3 -Udc/6 
U4 -Udc/2 Udc/2 Udc/2 -2Udc/3 Udc/3 Udc/3 Udc/6 
U5 -Udc/2 -Udc/2 Udc/2 -Udc/3 -Udc/3 2Udc/3 -Udc/6 
U6 Udc/2 -Udc/2 Udc/2 Udc/3 -2Udc/3 Udc/3 Udc/6 
U7 Udc/2 Udc/2 Udc/2 0 0 0 Udc/2 
 
The graphic voltage vector representation in two axis system can be denoted in 
Figure 1-6. 
α
1 1t T U
2 1t T U
 
Figure 1-6 Graphical representation of voltage vector for each switching state 
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Figure 1-7 Eight possibilities of switching state 
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Figure 1-8 Space vector modulator 
 
The 8 vectors consist of 6 active vectors and 2 zero vectors (111 or 000 state). The 
6 active vectors divide the plan into 6 sectors. The refernce voltage, U*, can be 
produced by a resultant of 2 adjacent vectors. For the example above, U* will be 
constructed from U1 and U2. The projection of U* into U1 and U2 will determine 
the duration of the application of U1 and U2. Suppose for U1 the application time 
will be t1 and for U2 is t2. To complete the time to 1 switching period, it is 
necessary to add the application of zero vector, either U0 or U7, or both. The block 
scheme of space vector modulator can be seen in Figure 1-8. 
These equations below help to define each vector application time: 
 ( )1 2 3 sin 3st MT pi αpi= −  (1.2) 
 ( )2 2 3 sinst MT αpi=  (1.3) 
 0 7 1 2( )st t T t t+ = − +  (1.4) 
Where M is a modulation index, which for the space vector modulation is defined 
as: 
 
1( ) 2
c c
six step
dc
U UM
U U
pi
−
= =  (1.5) 
 
Since the length of active vectors is 2/3 Udc, thus the maximum U* will be 
Udc/ 3 .  Note that it is important to distinguish between the modulation index 
used in carrier-based PWM, m, and one used in SVM, M. 
18 
The variants of SVM technique relates with the placement of the zero vectors. The 
example below in Figure 1-9 shows the symmetrical placement of zero vectors. 
 
Figure 1-9 Symmetrical placement of zero vector in SVM 
 
For this example above, this sequence should be followed.  
1. First, the application of vector zero U0 is required during t0/2 
2. And then, U1 should be applied during t1. 
3. U2 applied during t2 
4. U7 is applied for completing the first period during t0/2. 
5. U7 is maintained until again t0/2 (This means that U7 is maintained 
totally during t0). 
6. U2 applied during t2. 
7. Application of U1 during t1. 
8. And last for the 2 periods, application of U0 during t0/2 is required to 
complete the sequence. 
To produce the same average value for the reference vector, it is possible to use 
other switching sequence, for example: 
U0  U1  U2  U1  U0 
Or  
U1  U2  U7  U2  U1 
Those sequences above use only one zero vector, either U0 or U7, not both. As the 
result, there will be one phase which its state not changed during a part of one 
period. Figure 1-10 illustrates the vectors usage for these 2 examples. 
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(a) 
 
(b) 
Figure 1-10 Sequence without U7 (a) and without U0 (b) 
 
The methods above are equivalent to the DPWM as discussed previously. This 
fact leads to the generalization of DPWM from SVM concept. The brief 
discussion on various PWM method has also been demonstrated in [27]. 
 
1.2.5 Overmodulation 
In carrier based PWM, if the reference signal is increased beyond the amplitude of 
carrier signal, there will be several switching cycle where the reference is not 
modulated. This is called overmodulation. This range will give the non-linear 
relation between output voltage and the modulation index.  
In SVM, the overmodulation region can be shown in Figure 1-11. 
α
1 1t T U
2 1t T U
 
Figure 1-11 Overmodulation in SVM 
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There have been many researches to obtain an optimal result in overmodulation 
condition. 
 
1.2.6 SVM in 3-phase 4-wire PWM Converter [7,9] 
Three phase voltage source converters normally have two ways of providing a 
neutral connection for 3-phase 4-wire systems, i.e. using split dc link capacitors 
and connecting their mid-point to the neutral point or using the 4th leg converter 
and connecting its mid-point to the neutral point. 
With the split-capacitor approach the 3-phase converter in is considered as the 
combination of 3 single-phase half-bridge converters thus it suffers from an 
insufficient utilization of the dc link voltage. In addition, large and expensive dc 
link capacitor are needed to maintain an acceptable voltage ripple level across the 
dc link capacitors in case of a large neutral current due to unbalanced and or 
nonlinear load. 
The interest of four-leg converters for 3-phase 4-wire application has been 
growing for such applications as: 
1. Distributed generation, such as micro-turbine generators and fuel cell 
based generators, UPS which may run in stand alone or grid connected 
mode. This kind of power generation utilizes the 4th leg to provide a 3-
phase output with a neutral connection [8]. 
2. Active power filters where the 4th leg is used for compensating the neutral 
current. 
3. Three-phase PWM rectifiers, where the 4th leg is used to compensate the 
distortion and imbalance, and also to increase the fault tolerant capability. 
4. Common mode noise reduction. 
As an addition leg for the converter, the basic PWM modulation process 
performed by the control block can be considered similar to the other leg with the 
objective to provide the desired average voltage at the mid-point of the leg. As for 
the current regulation technique, the PI regulator presented in the next sections 
can also be applied.  
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However, since the space vector modulation has proved to be one of the most 
popular pulse-width modulation technique due to its high dc link voltage 
utilization with low output distortion, it is necessary to realize this technique for 
the 3-phase 4-wire converter. There are several ways to synthesize the space 
vector modulation as describe in [10] or for the overmodulation scheme [11]. 
Among these modulation techniques, the 3 dimension space vector modulation for 
3-phase 4-wire topology developed by Zhang [9, 12] will be discussed in the 
following. 
 
 
Figure 1-12. Three-phase 4-wire PWM converter 
 
Table 1-3 ac side converter voltage as the function of switching state 
SaSbScSd  
1111 0001 1001 1101 0101 0111 0011 1011 
uad 0 -Udc 0 0 -Udc -Udc -Udc 0 
ubd 0 -Udc -Udc 0 0 0 -Udc -Udc 
ucd 0 -Udc -Udc -Udc -Udc 0 0 0 
SaSbScSd  
1110 0000 1000 1100 0100 0110 0010 1010 
uad Udc 0 Udc Udc 0 0 0 Udc 
ubd Udc 0 0 Udc Udc Udc 0 0 
ucd Udc 0 0 0 0 Udc Udc Udc 
SaSbScSd represents the switch states where :  
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• Sn = 1  Trn (in Figure 1-12) is closed and Trn’ is opened, and  
• Sn = 0  Trn is opened and Trn’ is closed, with n = a,b,c,d. 
The voltage shown in Table 1-3 can be transformed towards the αβ0 system as 
using the following transformation matrices: 
 0
1 11
2 2
2 3 30
3 2 2
1 1 1
2 2 2
αβ
 
− − 
 
 
= − 
 
 
  
T  (1.6) 
And its inverse can be expressed as: 
 
1
0
1 0 1
1 3 1
2 2
1 3 1
2 2
αβ
−
 
 
 
 
= −
 
 
 
− −
  
T  (1.7) 
 
The result of the transformation can be seen in Table 1-4. 
 
Table 1-4 ac side converter voltage in αβ0 system 
SaSbScSd  
1111 0001 1001 1101 0101 0111 0011 1011 
uα 0 0 2/3 1/3 -1/3 -2/3 -1/3 1/3 
uβ 0 0 0 1 3  1 3  0 -1 3  -1 3  
u0 0 -1 -2/3 -1/3 -2/3 -1/3 -2/3 -1/3 
SaSbScSd  
1110 0000 1000 1100 0100 0110 0010 1010 
uα 0 0 2/3 1/3 -1/3 -2/3 -1/3 1/3 
uβ 0 0 0 1 3  1 3  0 -1 3  -1 3  
u0 1 0 1/3 2/3 1/3 2/3 1/3 2/3 
 
The vectors shown in Table 1-6 can be described in graphical representation in 3-
dimensional space as shown in Figure 1-13. It is easy to see that the 3-dimensional 
vectors are formed by the superset of the 2-dimensional voltage vector and 0-axis 
components.  
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α
β
0
 
Figure 1-13. Voltage vectors in αβ0 system 
 
Similar to the 2-dimensional space vector, a reference vector should be 
synthesized using the combination of voltage vectors in Figure 1-13 in every 
switching cycle. However, in 3-dimensional, the selection of switching vectors is 
more complicated due to additional axis. After selecting the switching vectors, it 
is necessary to do the projection of the reference vector to the switching vectors. 
1. Selection of the switching vectors 
In order to minimize the circulating energy and to reduce the current ripple, the 
switching vectors which are adjacent to the reference vector should be selected. It 
is important to note that the adjacent vectors will produce non-conflicting voltage 
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pulses. There will be 2 steps to identify the switching vectors. The first step is to 
determine the prism and the second is to identify the tetrahedron.  
The determination of the prism is similar to the selection of sector in the 2-
dimensional SVM. The hexagonal prism in Figure 1-13 can be separated into 6 
triangle prisms as shown in Figure 1-14. 
α
β
0
. 
Figure 1-14. The selection of prism 
 
From Figure 1-14, the reference voltage can be located in one of the 6 prisms 
above. 
In each triangle prism, there will be 8 switching vectors consist of 2 zero vectors 
(0000 and 1111), 2 vectors aligned on 0-axis (1110 and 0001), and 4 distinct 
switching vectors.  
Figure 1-15 shows the Prism I example. 
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α
β
0
1110
0001
1100
1000
1001
0000
1111
 
Figure 1-15. Switching vectors in Prism I 
 
After the selection of prism, the second step is to choose the tetrahedron according 
the location of the reference voltage. There are 4 tetrahedrons in each prism which 
can be constructed by the combination of 3 non-zero vectors. Figure 1-16 shows 
the 4 separated tetrahedron in 3-dimensional picture. 
 
Figure 1-16. Four tetrahedrons formed by 3 non-zero switching vectors in Prism I 
The reference voltage will be located inside one of the 4 tetrahedrons, and now it 
is possible to do the space vector modulation using the adjacent switching vectors 
within corresponding tetrahedron. 
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2. Projection of the reference vectors 
The time duration of the selected switching vectors is computed by determining 
the projection of the reference vector onto the adjacent non-zero switching 
vectors. 
In each tetrahedron, the corresponding duty ratios of the switching vectors are 
given as: 
 1 1 2 2 3 3refV d V d V d V= ⋅ + ⋅ + ⋅  (1.8) 
where: 
 
1 _
2 _
3 0 _
1 0 1
1 1 3 1
2 2
0 3 0
ref
ref
dc
ref
d V
d V
U
d V
α
β
 
    
    
= − −     
       
  
 (1.9) 
and: 
 1 2 31Zd d d d= − − −  (1.10) 
 
The table below shows the transformation matrices for each tetrahedron within 
corresponding prism. 
Table 1-5. Transformation matrices for each tetrahedron to determine duty cycles 
Tetrahedron 
Prism 
1 2 3 4 
I 
V1 : 1000 
V2 : 1001 
V3 : 1101 
1 0 1
1 3 1
2 2
0 3 0
 
 
 
− −
 
 
  
 
V1 : 1000 
V2 : 1100 
V3 : 1101 
3 3 0
2 2
1 3 1
2 2
1 3 1
2 2
 
− 
 
 
− 
 
 
− 
  
 
V1 : 1000 
V2 : 1100 
V3 : 1110 
3 3 0
2 2
0 3 0
1 3 1
2 2
 
− 
 
 
 
 
− − 
  
 
V1 : 1001 
V2 : 1101 
V3 : 0001 
3 3 0
2 2
0 3 0
1 0 1
 
− 
 
 
−
 
− − 
 
  
 
II 
V1 : 1100 
V2 : 1101 
V3 : 0100 
1 0 1
1 3 1
2 2
3 3 0
2 2
 
 
 
 
− 
 
 
−  
 
V1 : 1101 
V2 : 0100 
V3 : 0101 
3 3 0
2 2
1 3 1
2 2
1 0 1
 
 
 
 
− 
 
 
− −
 
  
 
V1 : 1100 
V2 : 0100 
V3 : 1110 
3 3 0
2 2
3 3 0
2 2
1 3 1
2 2
 
 
 
 
− 
 
 
− − 
  
 
V1 : 1101 
V2 : 0101 
V3 : 0001 
3 3 0
2 2
3 3 0
2 2
1 3 1
2 2
 
 
 
 
− 
 
 
− − 
  
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III 
V1 : 0110 
V2 : 0111 
V3 : 0010 
1 3 1
2 2
1 3 1
2 2
3 3 0
2 2
 
− 
 
 
− 
 
 
− − 
  
 
V1 : 0111 
V2 : 0100 
V3 : 0011 
0 3 0
1 3 1
2 2
1 0 1
 
 
 
− − 
 
− − 
 
 
V1 : 0110 
V2 : 0010 
V3 : 1110 
0 3 0
1 3 1
2 2
1 0 1
 
 
 
− − 
 
 
 
 
V1 : 0111 
V2 : 0011 
V3 : 0001 
0 3 0
3 3 0
2 2
1 3 1
2 2
 
 
 
 
− − 
 
 
− −  
 
IV 
V1 : 0110 
V2 : 0111 
V3 : 0010 
1 3 1
2 2
1 0 1
0 3 0
 
− 
 
 − −
 
− 
  
 
V1 : 0111 
V2 : 0010 
V3 : 0011 
3 3 0
2 2
1 3 1
2 2
1 3 1
2 2
 
− 
 
 
− − 
 
 
− − 
  
 
V1 : 0110 
V2 : 0010 
V3 : 1110 
3 3 0
2 2
0 3 0
1 0 1
 
− 
 
 
−
 
 
 
  
 
V1 : 0111 
V2 : 0011 
V3 : 1101 
3 3 1
2 2
0 3 0
1 3 1
2 2
 
− − 
 
 
−
 
 
− 
  
 
V 
V1 : 0010 
V2 : 0011 
V3 : 0100 
1 3 1
2 2
1 0 1
3 3 0
2 2
 
− − 
 
 − −
 
 
−  
 
V1 : 0010 
V2 : 1010 
V3 : 1011 
3 3 0
2 2
1 0 1
1 3 1
2 2
 
− − 
 
 
 
 
− −  
 
V1 : 0010 
V2 : 1010 
V3 : 1110 
3 3 0
2 2
3 3 0
2 2
1 3 1
2 2
 
− − 
 
 
− 
 
 
− 
  
 
V1 : 0011 
V2 : 1011 
V3 : 0001 
3 3 0
2 2
3 3 0
2 2
1 3 1
2 2
 
− − 
 
 
− 
 
 
− 
  
 
VI 
V1 : 1010 
V2 : 1011 
V3 : 1000 
1 3 1
2 2
1 3 1
2 2
3 3 0
2 2
 
− − 
 
 
− − 
 
 
 
  
 
V1 : 1011 
V2 : 1000 
V3 : 1001 
0 3 0
1 0 1
1 3 1
2 2
 
 
 
 
 
 
−
  
 
V1 : 1010 
V2 : 1000 
V3 : 1110 
0 3 0
3 3 0
2 2
1 3 1
2 2
 
 
−
 
 
 
 
 
−  
 
V1 : 1011 
V2 : 1001 
V3 : 0001 
0 3 0
3 3 0
2 2
1 0 1
 
−
 
 
 
 
− − 
 
 
 
The result of the duty cycles calculation can be implemented in many ways either 
continuous PWM or discontinuous PWM as described similarly in 2-dimensional 
PWM in previous section. 
One of the examples here shown below is the symmetrically aligned-class 
modulation. 
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Figure 1-17. One of the 3-dimensional SVM : symmetrical align 
 
1.3 Closed Loop PMW current control 
1.3.1 Background 
In the application of PWM converter such as motor drives, active filters, PWM 
rectifier, and uninterruptible power system (UPS) where the converter acts like a 
current source, the current control is commonly required [13,14]. 
Regarding to this need, the quality of the control structure will determine the 
overall performance of the converter. There are many advantages offered by the 
utilization of current control, ie: 
1. high accuracy of current waveform 
2. good dynamics 
3. insensitive to parameter changes  
4. compensation due to switch voltage drop and dead time in converter 
5. good regulation of dc link voltage 
6. protection from the overload current 
The main objective of current control, in fact, is to force the current flowing in the 
converter to follow their command values.  
Figure 1-18 shows the basic connection for current control in converter. 
Error will be sensed as the difference between reference signals (iAc, iBc, iCc) and 
actual values iA, iB, iC. The current controller will generate the switching pattern 
for the converter so that the error can be decreased.  
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Aε
Cε
Bε
 
Figure 1-18 Current controller for each phase in 3-phase power converter 
 
 
1.3.2 Performance criteria 
The performance of a current control can be measured by verifying the following 
criteria. 
- The current control should have high dynamic response 
- Good tracking to the reference signal, indicated by zero error for both 
amplitude and phase over a wide frequency range 
- Limited or constant switching frequency 
- The harmonic content should be low. 
There are important parameters that should be taken into account for the current 
control dynamic response such as dead time, rise time, and overshoot factor. Dead 
time is usually caused by the signal processing requirement (calculation and 
conversion time). The rise time will be strongly influenced by the ac side or 
parasitic inductance in the converter. This condition means that there will be a 
compromise in choosing the current control system.  
One of the significant parameter which used to determine the selection of current 
control is the switching frequency. But with the development of high speed 
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component such as IGBT with low cost, this consideration does not give a worth 
advantage. Even using the simple current control, the system may be adequate. 
However, for the special utilization of the converter such as active filter which 
needs a very fast response or the high power application where the switching 
losses is strongly considered, the selection of current control method may be 
required. The most suitable current control system should be selected. 
 
1.3.3 Classification of Current Controller 
The classification of existing current controller can be shown in Figure 1-19. 
 
Figure 1-19 Existing current controller classification 
 
Figure 1-19 indicates that there are 2 major classifications of current control 
method, i.e. on-off controller and separated PWM block. The separated PWM 
block means that the current controller and the voltage (vector) modulation part 
are in separate system. 
To see the difference clearly, Figure 1-20 shows the concept of each kind of 
controller. 
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(a) 
 
(b) 
Figure 1-20 Two kinds of current controller (a) separated PWM block (b) on-off controller 
There is also the separation of controller called as the control with constant 
switching frequency and the control with the switching frequency varied. 
Normally the control with modulation part has the fix switching frequency where 
the average value during one period of switching corresponds to the sampled 
amplitude.  
 
1.3.4 Linear Controller 
1.3.4.1 Conventional PI Controller 
A block diagram where a plant is controlled by a PI controller can be shown in 
Figure 1-21. 
 
Figure 1-21 Block diagram with PI controller 
 
The overall transfer function between output and input can be equated as: 
 
( ) ( ) ( )( ) ( ) ( )
1 ( ) ( ) 1 ( ) ( )
C s G s G sy s r s d s
C s G s C s G s
= +
+ +
 (1.11) 
PI controller C(s) is given as : 
 
2 2
1 1
2
1( ) K sTC s K K
s sT
 +
= + =  
 
 (1.12) 
 
The equation (1.11) can be denoted in other form as: 
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( ) ( ) ( ) ( ) ( )y s T s r s S s d s= +
 (1.13) 
where : 
G(s) : the plant transfer function 
T(s) : the reference transfer function 
S(s) : the disturbance transfer function 
K1 : the proportional gain 
K2 : the integral gain 
T2 : integrator time constant, where T2 = K1/K2 
r : reference signal 
y : output signal 
For the best tracking, it should be: 
 
( ) ( )( ) 1
1 ( ) ( )
C s G sT s
C s G s
= ≈
+
 (1.14) 
For the disturbance rejection: 
 
( )( ) 0
1 ( ) ( )
G sS s
C s G s
= ≈
+
 (1.15) 
 
1.3.4.2 Internal Model Controller 
The internal model controller (IMC) structure is a sort of the robust control 
methods.  This structure shown in Figure 1-22 uses an internal model ( )G s  in 
parallel with the controlled plant G(s).  If the  model  is  ideal, where ( )G s = G(s),  
then there  is  no feedback,  and the transfer function  of the closed-loop  is 
expressed as: 
 ( ) ( ) ( )CG s C s G s=  (1.16) 
Hence, the closed-loop system is stable if and only if G(s) and C(s) each are 
stable. 
The structure shown in Figure 1-22 may sometimes called as a control with 
predicted model or a controller with simple observer. One of the controllers which 
use this structure is the well-known Smith predictor which is applied for 
compensating the system delay. For the applications with observer, ( )G s  will 
have dynamic parameters adjusted during the system works to imitate the plant 
transfer function in real time. 
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Figure 1-22 Internal model controller 
 
 
1.3.4.3 Two Degrees of Freedom Controller, IMC Based 
This kind of controller can be described in Figure 1-23. 
 
Figure 1-23 Two degrees of freedom controller 
 
The input output relation can be denoted as: 
 

1 1
1 ( ) ( )( ) ( )( ) ( ) ( ) ( )
1 ( ) ( ) ( ) 1 ( ) ( ) ( )
yr
y y
G s C sC s G sy s r s G s d s
G s G s C s G s G s C s− −
−
= +
   + − + −   
 (1.17) 
For ideal case where ( )G s = G(s), equation (1.17) can be expressed as: 
 ( ) ( ) ( ) ( ) 1 ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )r yy s C s G s r s G s C s G s d s T s r s S s G s d s = + − = +   (1.18) 
where ( ) ( ) ( ),  ( ) 1 ( ) ( )r yT s G s C s S s G s C s= = − . 
It is possible to design the reference and disturbance transfer function separately 
by selecting controllers Cr(s) and Cy(s). 
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1.3.4.4 State Feedback Controller.  
Although the mathematical description of control processes in the form of input-
output relations (transfer functions) has a number of advantages, it does not make  
it possible  to  observe  and  control  all  the  internal  phenomena  involved  in  
the  control process. Modern control theory is therefore based on the state space 
method, which provides a uniform and powerful representation in the time domain 
of multivariable systems of arbitrary order, linear, nonlinear, or time varying 
coefficients. Also, the initial conditions are easy to take into account. For linear 
constant-coefficient multivariable continuous-time dynamic systems, the "state 
space equations" can be written in vector form as follows: 
 
( ) ( ) ( ) ( )
( ) ( )
t t t t
t t
= + +
=
x Ax Bu Ed
y Cx
ɺ
 (1.19) 
where u is the input vector (1 x p), y is the output vector (1 x q), x is the state 
variable vector (1 x n), d is the disturbance vector (1 × g), A is the system 
(process) matrix (n x m), B is the input matrix (n x p), C is the output matrix (q x 
n), E is the disturbance matrix (n x g).  
In the state feedback controller of Figure 1-24, the control variable u(t) can be 
expressed: 
 
ɵ( ) ( ) ( )T f f dt t t= − + +u K x K u K d  (1.20) 
where K is the vector of the state feedback factors, Kf  is the vector of the 
feedback controller, Kd is the vector of the disturbance controller. The feedback 
gain matrix K is derived by utilizing the pole assignment technique to guarantee 
sufficient damping. The reference tracking and disturbance rejection performance 
can be designed separately by selecting Kf and Kd matrixes respectively. 
 
Figure 1-24 Diagram block of state feedback controller 
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1.3.5 Standard controllers design 
The design of industrial controllers in the simplest cases linear controllers is 
limited to the selection of a type (P, PI, PID) and the definition of optimal setting 
of its parameters according to the criterion adopted.  This design process is 
normally done with "complete knowledge" of the plant.  Furthermore, the plant is 
usually described by a linear time-invariant continuous or discrete time model. In 
the field of control theory, there are many techniques developed to find an 
"optimal set of controller parameters". 
Table 2.3 summarizes the selection of parameters in standard controllers 
according to the chosen method with 0sT → [4]. 
It is important to note that in the table above, the switching frequency does not 
included as the involved parameter and assumed high. However, to define a 
minimum switching frequency for the PWM modulator, it is possible to use the 
constraint where the maximum rate of change of the reference (output of the PI 
controller) voltage UA – for example – should not equal or exceed the rate of the 
carrier signal. In mathematical expression, it can be denoted as: 
 
A tdU dU
dt dt
<  (1.21) 
 
1.3.6. PI current controllers 
1.3.6.1 The ramp comparison current controller 
Figure 1-25 shows the ramp comparison current controller used in 3-phase 
converter. The 3 command signals UAc, UBc, UCc are used for generating the 
control signals SA, SB, SC from carrier based sinusoidal PWM. 
It is necessary to recall that the reference signals should have a frequency much 
lower than the triangular carrier. The integral part of the  PI  compensator 
minimizes  errors  at low  frequency,  while proportional  gain  and  zero 
placement  are related to the amount of ripple. 
Figure 1-26 shows the phase-A block scheme of current control in 3-phase PWM 
rectifier. 
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Table 1-6 Parameter determination for standard controllers 
No Method Plant Proportional Gain 
K1 
Integrator Gain (K2) 
and Time Constant 
(T2) 
Remarks 
1 Optimal 
modulus 
criterion 
(for 0aT τ≫ ) 
0
0
1
s
a
K e
sT
τ−
+
 1
0 02
aTK
K τ
=  
2 aT T=  
2
0 0
1
2
K
K τ
=  
 
2 Optimal 
symmetry 
criterion 
(for 
0a bT T τ+≫ ) 
( )
0
0
1
s
a b
K e
sT sT
τ−
+
 ( )1 0 02
a
b
TK
K T τ
=
+
 
( )2 04 bT T τ= +  
( )2 20 08
a
b
TK
K T τ
=
+
 
 
3 Damping 
factor 
selection 
1ζ =  
(for 0 0τ = ) 
0
0
1
s
a
K e
sT
τ−
+
 
1 1K =  
( )
2
0
2 2
0
4
1
aT KT
K
ζ
=
+
 
( )20
2 2
0
1
4 a
K
K
T Kζ
+
=  
 
4 Rule of thumb  1 1K =  2 sT T=  
2
1
s
K
T
=  
Only for 
rough 
design 
Ts = 
sampling 
time 
 
 
 
Figure 1-25 Application of PI current controller for 3-phase power converter 
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Figure 1-26 Block scheme for a 3-phase PWM rectifier, shown only for phase A. 
 
The simplified block diagram of Figure 1-25 can be seen in Figure 1-27. 
2
1
2
1 sTK
sT
+ 1
L LR sL+
 
Figure 1-27 Simplified block diagram of 3-phase PWM rectifier system 
 
From Figure 1-27 the open loop transfer function can be denoted as: 
 
02
0 1
2
1( )
1 L
KsTKG s K
sT sT
+
=
+
 (1.22) 
where 
( )
0
1
,  ,  ,  
2
DCL
L C L L C
L L t
MULK K K K T K
R R U
= = = =  
M is the index modulation under the linear region. 
The transfer function of PI current controller is: 
 
2
1
2
1( )R
sTG s K
sT
+
=  (1.23) 
The closed loop transfer function can be denoted as: 
 
1 0 1 0
2
2 0 1 1 0
2
( )( ) 1( )
A L L
C
Ac
L L
K K K K
s
I s T T TKG s K K K KI s
s s
T T T
= =
+
+ +
 (1.24) 
If using the damping factor selection as shown in Table 1-6, it is possible to 
determine the parameter of PI current controller as: 
38 
 1 1K =  (1.25) 
 ( )
2
0
2 2
0
4
1
LT KT
K
ζ
=
+
 (1.26) 
 2
2
1K
T
=  (1.27) 
1.3.6.2 Stationary vector controller [17] 
If the transformation from 3-phase to 2 phase system is applied to the 3-phase 
converter with isolated neutral point, it is possible to use only 2 PI current 
controller as shown in Figure 1-28. 
The transformation from (abc) system to (αβ) system still results a non-dc αβ 
variable which means the steady state error will not either be zero. 
 
αβ
αβ
Ciα
Ciβ
vα
vβ
iα
iβ
 
Figure 1-28 Application of only 2 PI regulators using the stationary reference frame 
 
 
1.4. Predictive Control [25] 
In Figure 1-19, one of the control scheme used in the power converter is the 
predictive control. In the figure, the predictive control is put together with the 
other linear control scheme. However, with the development of predictive control 
itself, the nonlinear case can also be solved. 
Predictive control gives several advantages such as the simplicity, applicable to 
many kinds of system, constraints and nonlinearities can also be included, 
multivariable can be handled and also the simplicity in implementation. The 
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predictive control normally uses high amount of calculation if compared to the 
classic controller, but with the growing utilization of fast digital signal processors 
available today, it does not become the problem anymore. 
The predictive control predicts the future behaviour of the controlled variables of 
the system. This information is used to obtain the optimal actuation according to 
an optimization criterion. 
There are several methods of predictive control according to the developed 
optimization criterion, i.e. hysteresis-based, trajectory based, deadbeat control and 
the minimization of cost function. 
 
1.4.1 Hysteresis-based predictive control [23] 
Hysteresis-based predictive control has the objective to keep the controlled 
variables within boundaries of a hysteresis area or space. The block diagram of 
this kind of controller can be shown in Figure 1-29. 
 
Figure 1-29. Predictive current control using the circle boundary 
 
In Figure 1-29, after defining the reference current is*, a circle hysteresis area is 
also defined. When the actual current is touches the boundary of the hysteresis 
area, the controller will compute the next switching state vector. The selection 
criterion of the switching vector may vary according to the desired objective. For 
the minimization of switching frequency, it is possible to search the switching 
vector which will produce the maximum on-time. This kind of criterion applies 
well for the high power converter application where the minimum switching 
losses is required.  
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It is also possible to define the boundary in a rectangle shape. Using this method, 
the lower switching frequency can be obtained [26]. 
 
1.4.2. Trajectory-Based Predictive Control 
The essential objective of trajectory-based predictive control is to force the 
system’s variables onto pre-calculated trajectories. Control algorithms fit with this 
strategy are direct self control by Dapenbrock [19,20] to control the torque of an 
induction machine or the direct instantaneous power control by Ohnishi [21,22]. 
In this method the switching state is controlled to actuate the system following a 
certain trajectory. Each switching state has a certain influence to the system. In the 
methods developed by Dapenbrock, the switching states of the inverter are 
classified as “torque increasing”, “slowly torque decreasing”, or “rapidly torque 
decreasing”. In the direct power control, the similar method is also used, where 
the variables will be instantaneous active and reactive power.  
In the trajectory-based predictive control, a hysteresis band is required. As in 
direct power control, the trajectory of power is calculated as the function the angle 
of source voltage and the switching state. The hysteresis control will limit the 
value of the power variables within a band. The average switching frequency will 
vary according to the width of the band and also the reference value of the power 
variables. 
 
1.4.3. Deadbeat-based predictive control 
The other type of the predictive controller is the deadbeat controller. This kind of 
approach uses the model of the system to compute the required reference voltage 
in the next sampling instant. After that, the voltage will be produced using a 
modulator. While this method has been used when a fast dynamic response is 
required, being deadbeat-based, it is often fragile. Indeed, errors in the parameter 
values of the model, unmodeled delays and other errors in the model often 
deteriorate system performance and may lead to instability. Another disadvantage 
of the deadbeat control is that non-linearities and constraints of the system 
variables are difficult to incorporate. 
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Figure 1-30.  Deadbeat current control 
 
The typical current control using the deadbeat controller can be shown in Figure 
1-30. The common PI regulator has been replaced by a deadbeat controller. A 
modulator is used for producing the switching pattern for the power module.  
If the 3-phase load can be modelled as an RLE load, the following space vector 
equation can be written as: 
 
dR L
dt
= + +
i
v i e  (1.28) 
 
where v is the voltage space vector, i is the current space vector, and e is the emf 
voltage space vector. 
Equation (1.28) can be expressed in discrete-time form as: 
 
1 ( 1) ( ) ( ) ( )k k k kχδ δ+ − = −i i v e  (1.29) 
where sT R Leδ −=  and ( )1 1 sT R LR eχ −= −  
Based on the equation (1.29), the reference voltage is obtained as: 
 [ ]1* ( ) * ( 1) ( ) ( )k k k kχδ= + − +v i i e  (1.30) 
The reference voltage v* can now be applied using the modulator. 
 
1.4.4 Predictive Control Using Cost Function 
The predictive control uses the model of the system to predict the behaviour of the 
system and to choose an optimal control action. An extended approach can be 
used where the predictions can be evaluated first using a cost function. Using this 
scheme it is possible to generate future actions which will minimize the cost 
function. The predictive control based on a cost function can be shown in block 
diagram in Figure 1-31 [28]. 
 
42 
 
Figure 1-31 Block diagram of predictive control scheme 
 
 
1.5 Review 
In this chapter the modulation technique and the current controller used in PWM 
power converter has been discussed. The complexity, the performance and the 
simplicity on the hardware implementation of each method of the modulation 
technique have been described. Although the 2-dimensioanl space vector 
modulation becomes favourable in use with the digital hardware, for the 3-phase 
4-wire topology application, the complexity of the concept is unavoidable.  
Also, in this chapter, various current regulators have been presented. The 
differences between them have also been shown. The predictive controller for 
current control gives a fast dynamic responds and shows a good performance for a 
high bandwidth application. 
In the next chapter, the concept of predictive control will be used for active filter 
application as this kind of application requires the high bandwidth. 
 
1.6 References 
[1] Muhammad H. Rashid, Power Electronics: Circuits, Devices, and Applications, 
2nd edition, Prentice Hall, 1993. 
[2] Mohan, Undeland, Robbins, Power Electronics: Converters, Applications and 
Design, John Wiley & Sons, 1989. 
[3] D. G. Holmes, Thomas A. Lipo, Pulse Width Modulation For Power 
Converters : Principles and Practice, IEEE Press, Wiley Interscience, 2003. 
[4] Ramu Krishnan, J. D. Irwin, Marian P. Kazmierkowski, Frede Blaabjerg, 
Control in Power Electronics : Selected Problems, Academic Press, 
2002. 
[5] Ahmet M. Hava, Russel J. Kerkman, Thomas A. Lipo, A High Performance 
Generalized Discontinuous PWM Algorithm, IEEE Transactions on Industry 
Applications, Volume 34, Issue 5, Sep/Oct 1998 Page(s):1059 – 1071. 
43 
[6] Pekik A. Dahono, Yukihiko Sato, Teruo Kataoka, Analysis and Minimization 
of Ripple Components of Input Current and Voltage of PWM Inverters, IEEE 
Transaction on Industry Application, Vol. 32, No. 4, July/August 1996. 
[7] V.Himamshu Prasad, Dushan Boroyevich, Richard Zhang, Analysis and 
Comparison of Space Vector Modulation Schemes for a Four-Leg Voltage 
Source Inverter, Conference Proceedings, Applied Power Electronics 
Conference and Exposition, APEC ‘97,  1997. 
[8] Alberto Soto Lock, Rodolfo Moreno Martinez, Digital control of a Three phase 
4 Wire Inverter for UPS Applications, 31st Annual Conference of IEEE 
Industrial Electronics Society, IECON 2005. 
[9] Richard Zhang, Dushan Boroyevich, V. Himamshu Prasad, Hengchun Mao,  
Fred C. Lee, Stephen Dubovsky, A Three-phase Inverter with A Neutral Leg 
with Space Vector Modulation, Conference Proceedings, APEC ’97, 1997. 
[10] Manuel A. Perales, M. M. Prats, Ramón Portillo, José L. Mora, José  I.  León, 
Leopoldo G. Franquelo, Three-Dimensional Space Vector Modulation in 
Coordinates for Four-Leg Voltage Source Converters, IEEE Power Electronics 
Letters, Vol. 1, No. 4, December 2003. 
[11] Jang-Hwan Kim, Seung-Ki Sul, Overmodulation Strategy for a Three-Phase 
Four-Leg Voltage Source Converter, Conference record of Industry 
Applications Conference, Volume 1, Issue , 12-16 Oct. 2003 Page(s): 656 - 663 
vol.1, 2003. 
[12] Sergio Busquets-Monge, Josep Bordonau, Dushan Boroyevich, and Sergio 
Somavilla, The Nearest Three Virtual Space Vector PWM : A Modulation for 
the Comprehensive Neutral-Point Balancing in the Three-Level NPC Inverter, 
IEEE Power Electronics Letters, Vol. 2, No. 1, March 2004. 
[13] Vladimir Blasko, Vikram Kaura, A New Mathematical Model and Control of a 
Three-Phase AC/DC Voltage Source Converter, IEEE  Transactions  On  
Power  Electronics,  Vol.  12,  No.  1,  January  1997. 
[14] Marian P. Kazmierkowski, Luigi Malesani, Current Control Techniques for 
Three-PhaseVoltage-Source PWM Converters: A Survey, IEEE Transaction on 
Industrial Electronics, Vol. 45, No.5, October 1998. 
[15] Pedro  Verdelho, G. D. Marques,Four-Wire Current-Regulated PWM  Voltage  
Converter, IEEE Transactions On Industrial  Electronics, Vol. 45, No. 5, 
October 1998. 
[16] C. B. Jacobina, E. C. dos Santos Jr., M. B. R. Correa, Control of the Single-
Phase to Three-Phase Four-leg Converter for Constant Frequency Output 
Voltage, Conference proceeding, Page(s):52 – 58, PESC June 2005. 
[17] Navid R. Zargari, G. Jobs, Performance Investigation of a Current-Controlled 
Voltage-Regulated PWM Rectifier in Rotating and Stationary Frames, IEEE 
Transactions On Industrial Electronics, Vol. 42, No. 4, August 1995. 
[18] Fernando Briz, Michael W. Degner, Robert D. Lorenz, Analysis and Design of 
Current Regulators Using Complex Vectors, IEEE Transactions On Industry 
Applications, Vol. 36, No. 3, May/June 2000. 
[19] M. Dapenbrock, "Direct Self-Control (DSC) of Inverter-Fed Induction 
Machine, IEEE Trans. Power Electronics, vol. 3, No. 4, pp. 420-429, Oct. 
1988. 
[20] James N. Nash, Direct Torque Control, Induction Motor Vector Control 
Without an Encoder, IEEE Transactions On Industry Applications, Vol. 33, 
No. 2, March/April 1997 
[21] Tokuo Ohnishi, Three Phase PWM Converter/Inverter by means of 
Instantaneous Active and Reactive Power Control, International Conference on 
Industrial Electronics, Control and Instrumentation, IECON, 1991. 
44 
[22] Toshihiko Noguchi, Hiroaki Tomiki, Seiji Kondo, Isao Takahashi, Direct 
Power Control of PWM Converter Without Power-Source Voltage Sensors, 
IEEE Transactions On Industry Applications, Vol.34, No.3, May/June1998. 
[23] Ashwin Khambadkone, Joachim Holtz, Low Switching Frequency and High 
Dynamic Pulsewidth Modulation Based on Field-Orientation for High-Power 
Inverter Drive, IEEE Transactions On Power Electronics, Vol.I, No. 4, October 
1992. 
[24] Yasser Abdel-Rady, Ibrahim Mohamed, Ehab F. El-Saadany, Robust High 
Bandwidth Discrete-Time Predictive Current Control with Predictive Internal 
Model : A Unified Approach for Voltage-Source PWM Converters, IEEE 
Transactions On Power Electronics, Vol. 23, No. 1, January 2008. 
[25] Patricio Cortés, Marian P. Kazmierkowski, Ralph M. Kennel, Daniel E. 
Quevedo, José Rodríguez, Predictive Control in Power Electronics and Drives, 
IEEE Transactions On Industrial Electronics, Vol. 55, No. 12, December 2008. 
[26] Ashwin Khambadkone, Joachim Holtz, Low Switching Frequency and High 
Dynamic Pulsewidth Modulation Based on Field-Orientation for High-Power 
Inverter Drive, IEEE Transactions On Power Electronics, Vol.I, No. 4, October 
1992. 
[27] S. L. Capitaneanu, B. de Fornel, M. Fadel, J. Faucher, A. Almeida: "Graphical 
and algebraic synthesis for PWM methods", EPE Journal Volume 11 n°3 
August 2001. 
[28] Patricio Cortes, Jose Rodriguez, Rene Vargas, Ulrich Ammann, “Cost 
Function-Based Predictive Control for Power Converters
45 
46 
Chapter 2  
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2.1 Introduction 
Since the end of 19th century the transmission and distribution power systems 
have been developed based on the alternating current (ac) where the generated 
voltage was standardized to the sinusoidal waveform with a constant-frequency. 
The advantage of the ac voltage at that time leads to the simplicity in power 
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conversion and the utilization of many electrical apparatus. Today, there are very 
few communities in the world without ac power systems. 
In the electric power network, the sinusoidal voltage source will be more efficient 
if the load current were in phase to the source voltage. This ideal condition, 
because of the randomness of the load behavior, cannot easily be achieved. 
Therefore, the concept of reactive power was defined to represent the quantity of 
electric power due to the load current which is not in phase to the source voltage. 
This reactive power does not contribute to the power transfer from the source to 
the load thus the average value of the reactive power during one period of the line 
frequency is zero. Besides the reactive power, the concepts of apparent power 
were also introduced. Apparent power gives the maximum power that can be 
possibly delivered from the source to the load. This maximum power of course 
will occur if the load current and the voltage are sinusoidal and in phase. To 
measure how effectively the power is transferred, the power factor was 
introduced. The power factor gives the relation between the actual average power 
delivered and the apparent power. Basically, the higher power factor means the 
higher utilization of electric power. Because of this comprehension, the power 
factor also defines the electric power not only electrically but also 
economically[1-3]. 
The concept of power based on active, reactive and apparent power were useful 
where the load are linear which fit to the most cases at the very beginning of the 
existence of the electric network. The concept of power factor correction using the 
capacitor bank was developed under this concept of the power. However, for the 
cases where the source voltage and or the load current are not sinusoidal, this 
concept cannot be used anymore. Since then, the approaches of power definitions 
under non-sinusoidal waveform were proposed, although the existence of the non-
linear load can still be neglected at that time. 
Since 1960s where the application of power electronic was firstly introduced, the 
use of nonlinear loads in electrical power system becomes more and more. Power 
electronics technology offers a better efficiency which means less the energy loss 
for the same used energy thus higher utilization of electricity. Electric motors 
which are commonly used in big industries now are equipped with the power 
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electronic modules and not anymore considered as a linear load. The penetration 
of the power electronics to the house appliances contributes hugely the utilization 
of non-linear loads in the electric network. The non-linear problem in electric 
network which did not emerge formerly due to mostly used linear loads, 
nowadays it becomes significant and cannot be anymore neglected. The non-linear 
loads are not only the cause of the non-sinusoidal current waveform but also have 
been found to draw reactive power. This will lead to the fast development of the 
power comprehension in electrical network. 
The non-sinusoidal current waveforms, or in other term being called harmonic 
polluted   currents, are considered as the cause of many problems in power 
systems. They are listed as follows: [1] 
1. Heating in the transmission and or distribution cable 
The effective cross section of a cable decreases due to the increase of the 
skin effect which occurs in the system with higher line current’s 
frequency. The lower cross section means the higher resistance. For the 
same effective current flowing through the cable, the currents with 
harmonics will draw higher losses. 
2. Heating in transformer and electrical motor 
One of the losses occurs in the electric equipments with magnetic core 
such as transformers and electrical motors is the eddy current loss. As the 
eddy current loss is proportional to the current frequency, the current 
containing harmonic will produce more losses thus more heating. 
Sometimes it is necessary to oversize the transformers and motors to 
overcome this problem. 
3. Resonance phenomenon in the capacitor bank 
The current containing harmonics increases the possibility of resonance 
between capacitor bank and the system’s inductance because of the 
spreading frequency spectrum of the current. The resonance phenomenon 
can cause the fatal damage. 
4. Voltage waveform distortion 
Although the source generates the sinusoidal voltage, the voltage drop 
occurs in the transmission or distribution cable will be non-sinusoidal if 
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the load current is non-sinusoidal. Thus the terminal voltage will be non-
sinusoidal. If this non-sinusoidal terminal voltage is connected to certain 
loads such as electric motors, the motors will produce high torque ripple 
and high mechanical vibration.  
5. Interference with communication system 
Harmonic currents may interfere the communication systems like radios, 
telephones, and so on. 
To overcome the problems above, many researches have been conducted in the 
field of filter in the term of power system. There are two kinds of filter, i.e. 
passive filter and active filter. Passive filters use only passive components to 
reject or to pass certain harmonics occurred in power system using the tuning 
algorithm. The passive filters are easy to design and have a very good reliability. 
However, since the harmonics concentrate on the lower frequency, the passive 
filters become bulky and expensive. Moreover, only certain orders of harmonic 
will usually be tuned to be compensated by the passive filter. 
As the power electronic technology is considered as the cause of the pollution in 
the power system, it is also, on the other hand, possible to use the technology to 
compensate this pollution as the form of active filters.  
In 3-phase power system, the active filters can compensate all of the current 
harmonics flowing in each phase. In this case, the power converter will act as a 
current source and the dynamic response is quite good. Nevertheless, most of 
these solutions deal with how to reduce the harmonic content in the phase current 
and the other problem such as unbalance will still remain in the power system. 
In the ideal case of electrical system, a balanced sinusoidal source side should 
have balanced sinusoidal currents thus the system will have the unity power 
factor. Such condition cannot be naturally obtained since the loads are freely 
changed and cannot be controlled by the power utility. This condition leads to the 
utilization of compensation system which is able to approach the ideal situation. 
The compensation technique based on instantaneous power theory is able to solve 
all the problems. The basic concept of this theory can be explained as follows. If a 
balanced 3-phase ac source delivers constant instantaneous active power, then the 
current flowing in each phase should be balanced, the power factor will be unity, 
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and the neutral current will be zero. Since the power converters can act as inverter 
or rectifier, depends how it controlled, it is possible to use them as the active 
power filter (APF). 
The instantaneous power theory was firstly introduced in 1983 and now develops 
as a mature theory in power system especially in compensation technique. 
Although there has been a debate concerning this power theory, this theory has 
been proven effective for the active power filter use. 
In this chapter, the instantaneous power theories will be elaborated. The 
application of instantaneous power theories in power compensation will be shown. 
The advantages and the disadvantages will be also compared. 
 
2.2 Load current based active filters 
The operation of this kind of filter is to sense the currents flowing to the loads, 
and to generate the required currents so that the source will not provide but their 
fundamental components, which are desired to have sinusoidal current waveform. 
Figure 2-1 can be seen to clarify the operation of this filter. 
 
Figure 2-1 Active filter based on harmonic current injection 
From Figure 2-1, take phase current a, it is possible to write: 
 
_ _ _s a l a f ai i i= −  (2.1) 
where is_a is the source current, il_a is the load current and if_a is the filter current, 
the three currents are connected in the phase a. 
If the installed load is nonlinear, then it will contain the harmonics, as expressed 
in equation (2.2). 
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_ _ _l a lf a lh ai i i= +  (2.2) 
where ilf_a is the fundamental component of the load current and ilh_a is the 
harmonic components. Without the filter, this load current will equal to the source 
current. 
As it is desired to not have but the fundamental component flowing on the source 
line, then the harmonic components should be supplied by the active filter. 
Therefore, the filter current can be easily expressed as in the equation (2.3). 
 
_ _f a lh ai i=  (2.3) 
Although all source’s phase currents will have only fundamental components, 
there is possibility that the load is not balanced thus the source neutral current will 
not be zero. From Figure 2-1, for the source and load neutral current, there will be 
mathematical relations as: 
 ( ) ( )
_ _ _ _ _ _ _s n s a s b s c lf a lf b lf ci i i i i i i= + + = + +  (2.4) 
 ( ) ( ) ( )
_ _ _ _ _ _ _ _ _ _l n l a l b l c lf a lf b lf c lh a lh b lh c
fundamental harmonics
i i i i i i i i i i= + + = + + + + +
 
 (2.5) 
From the equation (2.4) and (2.5), the current for the 4th leg of the converter will 
be: 
 ( ) ( )
_ _ _ _ _ _f n s n l n lh a lh b lh ci i i i i i= − = − + +  (2.6) 
A simulation has been conducted using 4-leg converter as an active filter and 3 
single phase rectifiers for each phase as the loads as shown below in Figure 2-2. 
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Figure 2-2. Three-phase 4-wire active filter with 3 single phase rectifier loads 
 
The current control of each leg of the active filter is implemented using PI 
regulator. All inductors and capacitors at the load side have the same values L = 
10 mH and C=470 uF. For the balanced load, all resistance R1, R2, and R3 are set 
to be 10 ohm. The Lf is set to 5 mH. The simulated result can be shown as 
follows. 
 
Figure 2-3 Current waveforms on the phase a at the load, source, and filter side 
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Figure 2-4 Frequency spectrum of the currents in figure Figure 2-3 
 
From the frequency spectrum in Figure 2-4, it is shown that this active filter is 
successfully working and it generates the current needed by the loads so that the 
source only supplies the fundamental current. 
In the first simulation, the loads are set balanced so that each phase will consume 
same effective current. Figure 2-5 shows the three phase waveform of the source 
currents. Since the phase currents are sinusoid and balanced, the neutral current 
will be zero. 
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Figure 2-5 Balanced source current waveforms and source voltage phase a 
 
However, this method cannot produce the unity power factor because it is possible 
that the fundamental component of the load current is not in phase with the source 
voltage. In this example as shown in Figure 2-5, there is θo degree of phase 
difference between source voltage and current. 
To observe further the performance of this filter, it is necessary to carry out the 
simulation under the unbalanced condition. R2 in Figure 2-2 is set to 5 ohm, the 
other resistances are kept the same. The simulated results can be shown in Figure 
2-6. 
The current in phase b has bigger effective value than the other 2 phases, thus the 
source currents are not balanced. In each current there will be the phase difference 
between phase voltage and current, respectively θa, θb, and θc. Since the phase 
currents are not balanced, the source neutral current will not be zero. The neutral 
current can be seen in Figure 2-7. 
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Figure 2-6 Source and Load current waveforms under the unbalanced condition 
 
 
Figure 2-7 Source neutral current and filter neutral current 
 
2.3 Electric Power Definitions in Single-Phase Systems [1-6] 
2.3.1 Power Definitions under Sinusoidal Conditions 
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The power definition in single-phase system under sinusoidal condition is well 
established. An ideal single-phase system with a sinusoidal voltage and a linear 
load has voltage and current which can be represented as: 
 ( )( ) 2 sinv t V tω=  (2.7) 
 ( )( ) 2 sini t I tω φ= −  (2.8) 
where V and I are the root-mean-square values of the voltage and current 
respectively, ω is the angular line frequency. The instantaneous active power is 
now can be defined as the product of the instantaneous voltage and current as: 
 
( ) ( )
( )
( ) ( ) ( ) 2 sin sin
cos cos 2
p t v t i t VI t t
VI VI t
ω ω φ
φ ω φ
= = −
= − −
 (2.9) 
Equation (2.9) shows that the instantaneous power of the single-phase system is 
not constant and has the oscillating component with twice the line frequency. 
Decomposing the oscillating component yields the derivation of the traditional 
concept of active and reactive power as: 
 ( ) ( )( ) cos 1 cos 2 sin sin 2
III
p t VI t VI tφ ω φ ω = − −    (2.10) 
Part I has an average value cosVI φ  and has an oscillation component with twice 
the line frequency. With 90 90φ− ° ≤ ≤ ° , this part will not become negative and 
represents a unidirectional power flow from the source to the load. 
Part II has only an oscillating component with twice the line frequency, a peak 
value equal to sinVI φ  and zero average value. 
The average value of Part I is defined as the active power P: 
 cosP VI φ=  (2.11) 
The unit of measurement for the active power in the International System is Watt 
(W). 
The peak value of Part II is defined as the reactive power Q: 
 sinQ VI φ=  (2.12) 
The unit of measurement for the reactive power in the International System is 
VAR (volt-ampere reactive) 
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The displacement angle φ is used for characterizing the inductive or capacitive 
nature of the load. Positive values are used for the reactive power of inductive 
loads, and negative values for capacitive loads. 
Now, the instantaneous power p(t) can be expressed as: 
 ( ) ( )( ) 1 cos 2 sin 2p t P t Q tω ω = − −   (2.13) 
 
 
p(t)Part I : P[1-cos(2 t)]
Part II : -Qsin(2 t)
P
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Figure 2-8. Power concept in single-phase system 
 
Figure 2-8 illustrates the concept of power in single-phase system. Here, the 
voltage and current are sinusoidal and are displaced with the angle φ. p(t) gives 
the comprehension that the ac instantaneous power is not constant and is not 
unidirectional. During the time corresponding to area A, the source delivers an 
amount of energy, but during the time corresponding to area B, some part of this 
energy is being returned to the source. 
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Besides the active and reactive power, another power quantity which is used for 
defining power rating of electrical equipment is apparent power, S and expressed 
as: 
 .S V I=  (2.14) 
The unit measurement of S is VA (volt-ampere). Apparent power is usually 
understood as the maximum reachable active power at unity power factor. 
The analysis in power systems can be simplified by using the phasor notation 
instead of using the voltages and currents in time as the function of time. A 
sinusoidal function f(t) can be represented as the imaginary part of a complex 
number as: 
 ( ) { }( ) 2 sin Im . j tf t A t e ωω φ= + = F  (2.15) 
 
F is the complex number with a magnitude 2A  and φ is defined as the phasor 
related to the sinusoidal function f(t), as: 
 2A φ= ∠F  (2.16) 
In the phasor representation, the angular frequency ω has to be known as the base 
of the notation. Therefore it is not included in the notation thus phasor 
representation is valid only for the steady state conditions. 
A voltage phasor V can be represented as complex numbers by using the polar 
notation as: 
 ( ) ( )
Re Im
Re Imcos      sin
V
V V
V V jV
V V V V
θ
θ θ
= ∠ = +
= =
V
 (2.17) 
 
where V is the rms value of the sinusoidal voltage time function and θV is the 
phase angle. Positive phase angles are measured in the counterclockwise 
direction. The similar definition can also be applied to sinusoidal current time 
function with its own magnitude and phase angle.  
After defining the voltage and current in phasor representation, it is now possible 
to define the concept of impedance. The ratio between the terminal voltage phasor 
and the current phasor will be defined as complex impedance Z, and has a form of 
complex number, as: 
 ( )V V I Z
I
V V Z
I I
θ θ θ θ
θ
∠
= = = ∠ − = ∠
∠
VZ
I
 (2.18) 
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where I is the current phasor, I is the rms value of current time function, Z is the 
magnitude of the complex impedance, and the θI is the phase angle of current time 
function, and θZ is the impedance angle. 
For the system where the current is lag to the voltage, the impedance angle will be 
positive. 
 
3.3.2 Complex power and Power Factor 
 
The complex power S can be defined as the product of the voltage and current 
phasors. To be coherent with the convention that the positive reactive power is 
applied to the inductive loads, the complex power definition will use the conjugate 
value of current phasor, as: 
 ( )( ) ( ) ( )* cos sinV I V I V IV I VI jVIθ θ θ θ θ θ
φ φ
= = ∠ ∠ − = − + −S VI
 
 (2.19) 
The magnitude of S can be expressed as: 
 ( ) ( )2 2cos sinV I V IVI VI S VIθ θ θ θ   = − + − = =   S  (2.20) 
Thus the magnitude of S is equal to the apparent power. 
The ratio between active power P and S is commonly known as power factor, λ, 
as: 
 
PPF
S
λ = =  (2.21) 
From equation (2.19), it is clear that power factor is equal to cos φ. 
The graphical representation of complex power can be shown in Figure 2-9 
 
Figure 2-9 Graphical representation of complex power 
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This concept of power are widely used for the characterization of many devices 
such as motors and transformers because their linear behavior under sinusoidal 
conditions. However, under non-sinusoidal conditions, this concept cannot be 
applied anymore.  
 
2.3.3 Power Definitions under Non-Sinusoidal Conditions 
2.3.3.1 Power Definitions by Budeanu 
Budeanu has introduced the power definitions firstly in 1927. The development of 
the concept was based on the frequency domain and valid for generic waveforms 
of voltage and current. This concept is limited to periodic waveforms and can only 
be applied for the steady state analysis. The base of the concept is the Fourier 
series where the voltage and current can be expressed as: 
 
1
1
( ) 2 sin( )
( ) 2 sin( )
n n
n
n n
n
v t V n t
i t I n t
ω α
ω β
∞
=
∞
=
= −
= −
∑
∑
 (2.22) 
Budeanu defined the active and reactive powers as follows: 
 
1 1
1 1
cos( )
sin( )
n n n n
n n
n n n n
n n
P P V I
Q Q V I
ϕ
ϕ
∞ ∞
= =
∞ ∞
= =
= =
= =
∑ ∑
∑ ∑
 (2.23) 
where the ϕn is the displacement angle between each pair of voltage and current of 
the n-th harmonic. 
The apparent power is defined as: 
 .S V I=  (2.24) 
similar to the previous in equation (2.20), but the rms voltage and current – since 
they are not sinusoidal – are counted using the following equations as: 
 
[ ]
[ ]
2 2
0
1
2 2
0
1
1 ( )
1 ( )
T
n
n
T
n
n
V v t dt V
T
I i t dt I
T
∞
=
∞
=
= =
= =
∑∫
∑∫
 (2.25) 
The loss of power quality in this concept is characterized using so called 
distortion power, D, defined as: 
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2 2 2 2D S P Q= − −  (2.26) 
Instead of a triangle form, the graphical representation is represented in 3-
dimensional space as shown in Figure 2-10 
 
Figure 2-10. Graphical representation of power definition by Budeanu 
SPQ in Figure 2-10 is defined as: 
 P jQ= +PQS  (2.27) 
The relation between apparent power S and SPQ can be written as: 
 
2 2
PQS S D= +  (2.28) 
The power factor definition can be expressed as: 
 cos
P
S
λ θ= =  (2.29) 
Other term called displacement factor can be defined as: 
 cos
Pφ =
PQS
 (2.30) 
And the ratio between PQS  and S is called the distortion factor as: 
 cos
S
γ = PQ
S
 (2.31) 
In Budeanu’s power definition, the only power concept which has the physical 
meaning is the active power P while the reactive and apparent power are 
considered as just mathematical formulations and cannot be used for designing the 
passive or active filters. The derived equations treat the system under non-
sinusoidal conditions as the sum of several sinusoidal systems with difference 
frequencies. This power definition cannot be applied to the 3-phase system as well 
because it might lead to the false interpretation.  
2.3.3.2 Power Definitions by Fryze 
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The basic equations exists in power definitions by Fryze can be listed in the 
following equations. 
Active power Pw: 
 
0 0
1 1( ) ( ) ( )
T T
WP p t dt v t i t dtT T
= =∫ ∫  (2.32) 
Apparent power Ps: 
 sP VI=  (2.33) 
Active power factor: 
 
w w
s
P P
P VI
λ = =  (2.34) 
Reactive power: 
 
2 2
q s wP P P= −  (2.35) 
 
Reactive power factor: 
 
21qλ λ= −  (2.36) 
Active voltage and active current: 
 
      w wV V I Iλ λ= =  (2.37) 
Reactive voltage and reactive current: 
 
      q q q qV V I Iλ λ= =  (2.38) 
The power definition by Fryze cannot be applied either in the transient state since 
it requires the steady state voltage and current values thus cannot be used for 
power compensation. The difference between the concept of Budeanu in 
frequency domain and Fryze in the time domain is the reactive power definition, 
whereas the active and apparent power are calculated having the same meaning. 
 
2.4 Electric Power Definitions in Three-Phase Systems 
A 3-phase power source is usually modeled using 3 voltage sources having their 
own voltage waveforms and phases. If the voltage waveforms are pure sinusoidal 
having the same amplitude and the displacement angle between the voltages is 
2 3pi , then the source is said to be balanced. Otherwise the source is not balanced 
or unbalanced.  
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The 3-phase source can be grounded or not. If the source is grounded, the ground 
can provide additional path for the current circulation. The 3-phase source can 
also have a 4th wire usually connected to the neutral point and called neutral wire 
or neutral conductor. The system with ground or with 4th wire is called the 3-
phase 4-wire system whereas the system without any 4th connection is called 3-
phase 3-wire system or just 3-phase system. 
In certain conditions such as sinusoidal balanced source with linear loads, the 3-
phase electric power system can be simplified and analyzed as a sum of 3 
separated single-phase systems. In the practical world, these conditions are rarely 
been achieved thus the simplification cannot be used anymore.  
For the unbalanced system the symmetrical component theory can be applied. A 3 
unbalanced voltage phasors (Va,Vb,Vc) can be transformed into 3 other phasors, 
i.e. : positive sequence phasor (V+), negative sequence phasor (V-), and zero 
phasor (V0), and calculated as: 
 
2
2
1 1 1
1 1
3
1
α α
α α
     
     
=     
          
0 a
+ b
- c
V V
V V
V V
 (2.39) 
α is the 120o shift operator where: 
 
( )2 3 1 31 120
2 2
j
e jpiα = ∠ ° = = − +  (2.40) 
The inverse transform of equation (2.39) can be written as: 
 
2
2
1 1 1
1
1
α α
α α
     
     
=     
          
a 0
b +
c -
V V
V V
V V
 (2.41) 
The positive sequence and the negative sequence components can be present in 3-
phase with or without neutral wire whereas the zero-sequence component can only 
be present in 3-phase 4-wire system. 
The symmetrical component transformation can be also applied for the system 
having many angular frequencies, i.e. under non-sinusoidal waveform. In dealing 
with 3 periodic non-sinusoidal voltage sources, it is possible to decompose the 
sources using the Fourier series and classify them into the same harmonic order. 
For each harmonic now can be decomposed into their own symmetrical 
components. 
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2.4.1 Electric Power in Balanced Systems 
In balanced system, there are only positive-sequence component for both voltage 
and current, and given by: 
 
( )( ) 2 sin
2( ) 2 sin
3
2( ) 2 sin
3
a V
b V
c V
v t V t
v t V t
v t V t
ω φ
pi
ω φ
pi
ω φ
+ +
+ +
+ +
= +
 
= + − 
 
 
= + + 
 
 (2.42) 
 
( )( ) 2 sin
2( ) 2 sin
3
2( ) 2 sin
3
a I
b I
c I
i t I t
i t I t
i t I t
ω φ
pi
ω φ
pi
ω φ
+ +
+ +
+ +
= +
 
= + − 
 
 
= + + 
 
 (2.43) 
For a general 3-phase system, the instantaneous active power 3 ( )p tφ can be 
defined as: 
 3 ( ) ( ) ( ) ( ) ( ) ( ) ( )a a b b c cp t v t i t v t i t v t i tφ = + +  (2.44) 
Substitution the equations (2.42) and (2.43) into (2.44) yields: 
 ( )3 ( ) 3 cos 3V Ip t V I Pφ φ φ+ + + += − =  (2.45) 
According to equation (2.45), the power delivered from 3-phase balanced source 
is time-independent and instantaneously constant. It is interesting because it is 
different if compared to the oscillating waveform of power in single-phase case 
and it has the value 3 times the average value of power in single-phase system. 
The 3-phase power now can be defined as: 
 ( )3 3 cos 3V IP V I Pφ φ φ+ + + += − =  (2.46) 
Using the definition of complex power and considering that the system in 
balanced where a balanced 3-phase system can be represented as the sum of 3 
single phase systems, it is possible to define the apparent power as: 
 ( ) ( )
3
3 3
3 * 3 .
3 cos 3 sin
V I
V I V I
S V I V I
V I j V I
P Q
φ
φ φ
φ φ
φ φ φ φ
+ + + + + +
+ + + + + + + +
= = ∠ ∠
= − + −
 
 (2.47) 
The reactive power can be easily defined from equation (2.47) as: 
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 ( )3 3 sin V IQ V Iφ φ φ+ + + += −  (2.48) 
Different from single-phase system where the reactive power is clearly seen as the 
oscillating power, the reactive power defined in (2.48) does not have the physical 
meaning and treated just as the mathematical formulation. This is the reason why 
the 3-phase system cannot be considered easily as the summation of 3 single-
phase systems. 
2.4.2 Electric Power in Unbalanced Systems 
The former concept used in unbalanced systems is to represent the voltages and 
the currents in a simple manner described as follows. 
Per phase calculation: 
 3        ( , , )k k k
k k
S S V I k a b cφ = = =∑ ∑  (2.49) 
Aggregate rms value calculation: 
 
2 2
      ( , , )k k
k k
S V I k a b cΣ = =∑ ∑  (2.50) 
In the case of sinusoidal balanced system, 3S Sφ ∑= , whereas under unbalanced 
system the result always holds that 3S S φ∑ ≤ . 
Neither S∑  nor 3S φ  has the physical meaning. They are just mathematical 
formulation and sometimes used to have the sense maximum reachable power at 
unity power factor. 
For unbalanced system the instantaneous power theories are more preferable and 
explanative.  
 
2.5 Instantaneous Power Theories in 3-Phase Power Systems 
As described in previous sections that none of the developed power definition 
formerly is able to deal in the transient state and gives the good comprehension in 
3-phase power system. The development of power electronic technology has 
brought many problems to the energy flow problems. The reactive power and 
harmonic current generated by the power electronic devices have made it clear 
that the conventional approach of the power analysis is not sufficient in terms of 
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taking average or rms values of variables. Therefore, the instantaneous power 
theories have been evolved to analyze and to understand the flow of energy under 
the non-linear circuits especially in 3-phase power systems. 
 
2.5.1 p-q Theory 
The p-q theory was first introduced in Japanese language in 1982. The 
development of this theory was based on previous works concerning about the 
reactive power compensation. The observation on a nonlinear resistor shows that a 
reactive-power is generated while having no energy-storing elements. This fact 
leads to that the reactive power caused by nonlinear loads in the power system can 
be compensated with other nonlinear loads that are controlled in such a way. 
The p-q theory in based on a set of instantaneous powers defined in the time 
domain. The voltage and current waveforms are not limited to sinusoidal and can 
be applied to the 3-phase 3-wire and 3-phase 4-wire system. As the concern in this 
theory is the instantaneous values thus it makes it possible to analyze the system 
in transient state. 
2.5.1.1 Clarke Transformation 
The p-q theory uses the αβ0 transformation known as the Clarke transformation. 
The 3-phase voltages or currents are transformed from abc reference frame to αβ0 
stationary reference frames.  
The Clarke transformation for the voltage variables and its inverse are given by: 
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 (2.51) 
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 (2.52) 
Similarly the transformation can also be applied for the current variables as: 
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 (2.53) 
And its inverse can be given as: 
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 (2.54) 
For 3-phase 3-wire system or balanced 3-phase 4-wire the zero component can be 
omitted and the transformation and its inverse can be written as: 
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3 3 30
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v
v
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 (2.55) 
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 (2.56) 
The graphical representation of the Clarke Transformation without zero 
components can be explained as follows.  
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Figure 2-11 Graphical representation of Clarke Transformation 
If the zero-sequence components are neglected, the voltage and current vector in 
αβ system can be written as: 
 v jvα β= +e  (2.57) 
 i jiα β= +i  (2.58) 
Note that the representation above is an instantaneous vector notation not a steady 
state phasor notation. 
Consider the voltage and current variables in a balanced 3-phase system as: 
 
( ) ( )2 cos                     2 cos
2 22 cos           2 cos
3 3
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 (2.59) 
Using the Clarke Transformation, the variables in αβ reference frame can be 
denoted as: 
 
( ) ( )
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3 cos           3 cos
3 sin            3 sin
V I
V I
v V t i V t
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 (2.60) 
The voltage and current vector now can be expressed as: 
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 (2.61) 
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According to equation (2.61), the balanced 3-phase voltage and current can be 
represented as a rotating vector with angular speed ω and clockwise direction or α 
 β direction.  
It is also possible to derive the rotating vector using the abc reference frame as: 
 
0 2 3 2 3i j j
abc a b cv e v e v e
pi pi−
= + +e  (2.62) 
And the result can be given as: 
 ( ) ( ) ( )3 2 3 2cos sin
2 2
Vj t
abc V VV t j t Ve ω φω φ ω φ + = + + + = e  (2.63) 
Note that the derived vector resulted in αβ reference frame and abc reference 
frame have different amplitude thus this transformation is called magnitude 
variant. The relation below should be satisfied as: 
 
2
3 abc
=e e  (2.64) 
The instantaneous power in abc reference frame can be given as: 
 
3
3
( ) ( ) ( ) ( ) ( ) ( ) ( )a a b b c c
a a b b c c
p t v t i t v t i t v t i t
p v i v i v i
φ
φ
= + +
= + +
 (2.65) 
Using the transformation denoted in (2.51) and (2.53) yields the instantaneous 
power in αβ0 reference frame as: 
 3 0 0p v i v i v iφ α α β β= + +  (2.66) 
While the Clarke Transformation is proved to be magnitude variant, the equation 
(2.66) gives the fact that this transformation is power invariant. The p-q 
instantaneous power theory will exploit this feature. 
 
2.5.1.2 p-q Theory in 3-Phase 3-Wire System 
In the 3-phase 3-wire system, there are no zero-sequence components thus 0 0i = . 
In this case the conventional concept of power can be used to define the power 
variables. The difference is in the p-q theory it will be in the form of instantaneous 
variable rather than in steady state. Remark the equation (2.19) in instantaneous 
form as: 
 ( )( ) ( ) ( )* v jv i ji v i v i j v i v i
p q
α β α β α α β β β α α β= + + = + + −s = e.i
 
 (2.67) 
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Here the real and imaginary part of s can easily be obtained and rewritten in the 
form of transformation matrix as: 
 
v v ip
v v iq
α β α
β α β
    
=     
−     
 (2.68) 
And the inverse of the matrix can be used to have the current variables back as: 
 2 2
1i v v p
i v v qv v
α α β
β β αα β
     
=     
−+     
 (2.69) 
To give a further comprehension of the p-q theory it is necessary to expand the 
equation (2.69) as: 
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 (2.70) 
The table below summarizes the definition of each term shown in equation (2.70). 
Table 2-1 Instantaneous active and reactive current definitions in p-q theory 
 Instantaneous active current Instantaneous reactive current 
α axis 
2 2p
vi p
v v
α
α
α β
=
+
 
2 2q
v
i q
v v
β
α
α β
=
+
 
β axis 
2 2p
v
i p
v v
β
β
α β
=
+
 2 2q
vi q
v v
α
β
α β
−
=
+
 
 
The instantaneous active power p can be separated in each axis αβ respectively as 
defined below and substitute the current variables using the equation (2.70): 
 
p q
p q
v i v ip v i
v i v ip v i
α α α αα α α
β β β ββ β β
      
= = +      
       
 (2.71) 
Using the equation (2.66) with 0 0i =  and equation (2.71), and substitute the 
corresponding variables using Table 2-1, yields: 
 
3
22
2 2 2 2 2 2 2 2            
0
p p q qp p v i v i v i v i
v v v v vv p p q q
v v v v v v v v
φ α α β β α α β β
β α β α βα
α β α β α β α β
= = + + +
−
= + + +
+ + + +

 (2.72) 
Equation (2.72) gives an interesting point that if the current variables in αβ 
reference frame are separated into active and reactive currents as shown in Table 
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2-1, the 3-phase instantaneous active power is dependent only to the active part of 
the currents and given by: 
 p pp v i v iα α β β= +  (2.73) 
Several new definitions can be summarized in Table 2-2. 
Table 2-2.  Instantaneous active and reactive power in each axis of the p-q theory 
 Instantaneous active power Instantaneous reactive power 
α axis 2
2 2p p
vp v i p
v v
α
α α α
α β
= =
+
 2 2q q
v v
p v i q
v v
α β
α α α
α β
= =
+
 
β axis 2
2 2p p
v
p v i p
v v
β
β β β
α β
= =
+
 2 2q q
v v
p v i q
v v
α β
β β β
α β
−
= =
+
 
 
From the description above, there are several conclusions can be made: 
1. In each α and β axis, the instantaneous current can be decomposed into 
active and reactive components. 
2. The active components contribute directly to the instantaneous active 
power if multiplied by the corresponding voltage in the same axis. 
3. The reactive components however when multiplied by the corresponding 
voltage gives zero result which means they don’t contribute at all to the 
energy transfer in the system. 
4. Point 3 above gives the illustration that the instantaneous reactive power 
circulate between the α and β axis. 
5. q should be distinguished as a unique unit for the instantaneous reactive 
power representation. 
 
2.5.1.3 Power Compensation using The p-q Theory in 3-Phase 3-Wire 
Systems 
The important application of the p-q theory is the power compensation in the 
power system. Figure 2-12 gives the illustration about the shunt power 
compensation in 3-phase 3-wire system. Because the base of the compensation is 
the power variables, the compensator is usually called as the active power filter 
(APF). 
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Figure 2-12 Active power filter as the shunt power compensation in 3-phase system 
The active filter will act as current sources which will eliminate the undesired 
current from the source phase currents.  
The control method of producing the current reference values can be shown in 
Figure 2-13.  
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2 2
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Figure 2-13. Generation of current reference values for power compensator 
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The important block to observe is the selection of powers to be compensated as 
demonstrated in Figure 2-13.  
Normally, in a system with 3-phase balanced source, it is desired to have a 
balanced loaded source and unity power factor. This objective can be fulfilled 
when the current waveforms of each phase are sinusoidal and in phase with 
corresponding phase voltages. In power term, this means a constant instantaneous 
active power as given in equation (2.45).  
For the power compensation, it is necessary to classify the power variables as 
follows: 
 
	
ɶ
p p p
q q q
= +
= +
 (2.74) 
where: 
• p  is the average value of p 
• 	p  is the oscillating component of p 
• q  is the average value of q 
• ɶq  is the oscillating component of q 
 
The description of power flow occurs in the 3-phase power system can be 
illustrated below in Figure 2-14. 
	p
p
 
Figure 2-14 Power flow in 3-phase system from source to load 
 
Therefore, to have the condition where the source should only deliver the constant 
instantaneous active power, the system including the active power filter should 
have the power flow as described in 
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Figure 2-15. Power flow in power compensation system using APF 
 
From Figure 2-15, it is clear that 	p  and q with opposite sign will be used as the 
selected powers to generate the reference current values for the APF. 
A simulation has been run using 3-phase power converter to verify the method.  
 
Load phase current
Phase a Phase b Phase c
Phase a Phase b Phase c
Source phase current
 
Figure 2-16 Load and source phase current waveforms 
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The first thing to look is the effectiveness of the method to compensate the current 
waveform. Figure 2-16 shows that the APF has successfully forced the source 
current to have sinusoidal waveforms while the load currents contain harmonics.  
p(t)
q(t)
Instantaneous power waveform at the load side
Instantaneous power waveform at the source side
p(t)
q(t)
 
Figure 2-17. Instantaneous power waveforms at the load and the source side 
 
It is also important to remark the instantaneous power at the load and the source 
side. While the power waveforms at the load side have the oscillating component, 
at the source side the instantaneous active power is always constant and the 
imaginary power q is forced to zero. This means that the APF has successfully 
compensated the circulation of reactive power caused by the load. Although the 
reactive powers don’t contribute to the transfer of active power, it can increase the 
phase current. By forcing the imaginary power q zero, it is possible to minimize 
the current flowing at the source side. q equals to zero also means that the source 
has a unity power factor. 
The condition where constant instantaneously active power and zero imaginary 
power delivered leads to the ideal situation. 
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2.5.1.4 Power Compensation using The p-q Theory in 3-Phase 4-Wire 
Systems 
In 3-phase 4-wire system, the zero-sequence components exist thus the calculation 
of powers should use the general definition in equation (2.66) and rewritten here 
as: 
 3 0 0 0p v i v i v i p pφ α α β β= + + = +  (2.75) 
The complete definition of power in matrix form can be denoted as follows: 
 
0 0 00 0
0
0
p v i
p v v i
q v v i
α β α
β α β
    
    
=     
     −     
 (2.76) 
From equation (2.76), the instantaneous active power p and the imaginary power q 
have the same physical meaning as described in previous sections. The difference 
is the additional definition of the zero sequence power.  
The equivalent circuit in αβ0 reference frame can be shown in Figure 2-18. 
0i
p qi i jiβ β β= +
p qi i jiα α α= +
0Z
Zβ
Zα
0v
vα
vβ
 
Figure 2-18. Equivalent circuit in αβ0 reference frame 
For the compensation methodology, Afonso etc [8] have proposed the flow of 
powers in a system with 4th leg as depicted in Figure 2-19. 
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Figure 2-19. Power flow in 3-phase 4-wire system 
 
The additional zero-sequence power p0 will flow on the 4th leg to the load. This 
kind of power is considered as the real power along with p, the difference is only 
the path flow of the power. p involves the power flow on the phase lines while p0 
involves the power flow on the neutral line.  
p0 can be divided into 2 components: 
• 0p : the average component of p0 
• 	 0p : the oscillating component of p0 
The compensation technique now then can be illustrated on Figure 2-20. 
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Figure 2-20. Power flow in power compensation system using APF for 3-phase 4-wire system 
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In Figure 2-20, besides the powers flowing in phase lines, p and q, the load 
requires the p0 flowing through the neutral line. The compensation technique will 
provide this power by using the APF. Therefore in Figure 2-20, the 4th leg of APF 
will be controlled to compensate this need by having the negative sign of the zero-
sequence power of the load. For the oscillating part of p0, this won’t be a problem 
because the average value is zero which means the loads during certain time 
interval will receive power sent by APF, while in the other time interval the APF 
will receive the power sent by the loads. For the average part of p0, the APF will 
always send an amount of active or real power because this is a unidirectional 
power. Therefore, in order not to use the storage element in the APF, and since the 
p0 is considered as active power, it is possible for the source to deliver 0p  through 
the phase lines to be absorbed by the APF. The APF will then be capable to send 
the 0p  through the neutral line to the loads. 
To verify the concept, a simulation using 3-phase 4-wire converter is run. To 
generate the zero-sequence power, the 3-phase voltage source should not be 
balanced. Therefore, in this simulation, the voltage on the phase b is set to 90% of 
the voltage on the other phases. The result of the simulation can be shown in the 
following figures. 
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Load phase current waveforms
Source phase current waveforms
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phase c
phase a phase b phase c
 
Figure 2-21. Load phase and source phase current waveforms in the 3-phase 4-wire system 
using APF for power compensation 
 
From Figure 2-21, it can be remarked that the waveforms at the source side are 
not purely sinusoidal. To see the harmonic components, it is necessary to observe 
the spectrum of each phase current. Figure 2-22 gives the comparison between the 
spectrum of load and source phase currents. 
 
(a) 
80 
Spectrum of load current : phase b
Spectrum of source current : phase b
 
(b) 
 
(c) 
Figure 2-22. The spectrum of load and phase currents (a) phase a, (b) phase b, (c) phase c 
 
From Figure 2-22, the effectiveness of the active power filtering can be confirmed 
that each current phase at the source side has much lower harmonic components 
compared to the load side. However, in each phase current, there is 3rd harmonic 
detected although the magnitude is not significant (about 3.3%). This happens 
because of the control has the objective that the source has to deliver a constant 
active power and zero reactive power, whereas at the presence of zero-sequence 
components in voltage and currents, this objective cannot provide anymore pure 
sinusoid current waveforms at the source side. 
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The confirm the objective of the control, it is necessary to observe the power 
waveform of the system. 
 
Figure 2-23. Instantaneous power waveforms at the load and source side 
 
Figure 2-23 shows that the powers delivered by the source can be forced to be 
constant active or real power and zero reactive power, while at the load side, the 
powers are formed naturally according to the behavior of the loads. 
Source neutral current Load neutral current
 
Figure 2-24. Load and source neutral current waveforms 
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One more important thing to remark in the 3-phase 4-wire compensation 
technique is to observe the neutral current in the source side. Since the APF 
compensates all the required zero-sequence power for the load, the source will not 
deliver anything through the neutral current, thus the neutral current should be 
zero. This can be seen in Figure 2-24. 
As an additional explanation, in this simulation example, there exist spikes in each 
current waveform at the source side including on the neutral wire. This 
phenomenon is not connected directly to the power compensation technique but 
rather to the nature of current control of the PWM converter. This happens 
because of the dc side voltage of the converter is not high enough to cover the 
required current it has to deliver as explained in [15 ]. 
 
 
2.5.2 p-q-r Theory 
p-q-r theory is developed based on the source voltage vector [16-18]. The 
definition of voltage and current variables in αβo system rests the same with the 
transformation abc-αβ0. But here, the illustrative explanation is needed because it 
is necessary to be able to draw all the variables as the function of space. 
2.5.2.1 Graphical illustration for pqr reference frame. 
 
Figure 2-25 Graphic interpretation of transformation from abc system toward αβo system 
 
83 
Figure 2-25 gives the illustration about the complete transformation from abc 
reference frame to αβo reference frame where the zero component exists. 
The p-q-r power theory is based on the voltage vector of the source side thus it is 
necessary to have its illustration in the 3-dimensional space. If the source voltage 
is balanced and sinusoidal, the voltage vector will rotate along circular trace on 
the αβ plane. The examples below give the description about several condition of 
the source voltage vector. Consider 3-phase balanced source voltages as: 
10sin( )
10sin( 120)
10sin( 120)
a
b
c
v t
v t
v t
ω
ω
ω
=
= −
= +
 
The trajectory of the voltage vector can be seen in Figure 2-26.  
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(b) 
Figure 2-26 Trajectory of voltage vector under balanced and sinusoid condition (a) 
trajectory in 3-dimensional space; (b) projection of the trajectory on αβ plan 
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(b) 
Figure 2-27 Trajectory of voltage vector under unbalanced and sinusoid condition (a) 
trajectory in 3-dimensional space; (b) projection of the trajectory on αβ plan 
 
If the zero-sequence component is injected to the voltage by setting the phase b 
voltage 80% lower, the trace will be positioned skewed above and or under αβ 
plane as shown in Figure 2-27. 
 
2.5.2.2. Graphical Definition of pqr Axis 
The p-q-r power theory uses the pqr reference frame as the working frame. The 
definition of each axis in pqr reference frame can be stated as follows. The p axis 
of pqr reference frame can be defined as the one which is aligned to the voltage 
vector, thus it is based on voltage vector trace. This means, this p axis will rotate 
freely in 3 dimensional spaces as it has been already illustrated in previous figures 
an example. 
The q axis will be defined as the one situated on αβ plane and orthogonal to p 
axis. 
The r axis will be the one which is orthogonal to both p and q axis. 
To give a good illustration, Figure 2-28 shows one position of the pqr axis. 
85 
-20
-10
0
10
20
-20 -15
-10 -5
0 5
10 15
20
-5
0
5
q trace
p trace
r axis
q axis
p axis
 
Figure 2-28 An example of pqr axis with unbalanced voltage source 
 
2.5.2.3 Transformation of αβ0 system towards pqr System in Mathematical 
Formulation 
Using the vector operations, it is easy to derive the transformation. If the source 
voltage vector in αβo system is defined as : 
 
0
v
v
v
α
β
 
 
=  
  
V  (2.77) 
we will have the unity vector which has the same direction with , as: 
 
0
0
1
up
v
v
v
v
α
β
αβ
 
 
=  
  
v  (2.78) 
Where : 
 
2 2 2
0 0v v v vαβ α β= + +  (2.79) 
All unity vectors on αβ plane which is orthogonal to upv  will be: 
 
1
0
uq
v
v
v
β
α
αβ
− 
 
=  
  
v  (2.80) 
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Or 
 
1
0
uq
v
v
v
β
α
αβ
 
 
= − 
  
v  (2.81) 
 
Where:  
 
2 2v v vαβ α β= +  (2.82) 
 
If we choose equation (2.80) for the q axis, then the unity vector in r axis will satisfy the 
relation: 
 
ur up uq= ×v v v  (2.83) 
Then we have : 
 
0
0
0
0
0
ur
v v
v v
v v
v v
v
v
α
αβ αβ
β
αβ αβ
αβ
αβ
 
−
 
 
 
−
 =
 
 
 
 
  
v  (2.84) 
 
After defining all the unity vectors in p, q, and r axis, it is possible to do the 
projection off all vectors in space to those unity vectors. This will be easily done 
using the dot vector operation. 
If the current vector is: 
 
0
i
i
i
α
β
 
 
=  
  
I  (2.85) 
 then 
 ( ).p up up=i v I v  (2.86) 
where pi is the projection of I  in p axis. 
Applying this operation to all the unity vectors, we will have: 
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( )
( )
( )
up up
p
q uq uq
r ur ur
 
⋅   
   = ⋅   
 
⋅   
 
v I vi
i v I v
i v I v
 (2.87) 
From equation (2.78), (2.80) and (2.84), we can write equation (2.87) in scalar 
form as: 
 
0
0 0 0
0
00
0 0 0
0 .
p
q
r
vv v
v v v
i i
v vi i
v v
i i
v v vv v
v v v v v
βα
αβ αβ αβ
α
β α
β
αβ αβ
β αβα
αβ αβ αβ αβ αβ
 
 
 
    
−    =    
       
−
− 
 
  
 (2.88) 
From equation (2.88), the transformation matrix from αβ0 to pqr system can be 
given, as: 
 
0
0 0 0
00
0 0 0
0
vv v
v v v
v v
v v
v v vv v
v v v v v
βα
αβ αβ αβ
β α
αβ αβ
β αβα
αβ αβ αβ αβ αβ
 
 
 
 
−
 =
 
 
−
− 
 
  
pqrT  (2.89) 
The scalar form of the voltage vector can be denoted as: 
 
2 2 2
0
0
0
p
q
r
v v vv
v
v
α β + +   
   =   
     
 (2.90) 
To have the current back in αβo system, using the inverse of pqrT  matrix and 
given by: 
 
0 0
0 0
0
0
0
1
0
p
q
r
v v v v
v
v v
i i
v v v v
i v i
v v v
i i
v v
β αβ α
α
αβ αβ
α
α αβ β
β β
αβ αβ αβ
αβ
 
− − 
        
= −            
 
  
 (2.91) 
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2.4.2.4. The definitions of Instantaneous powers in p-q-r theory 
As the pqr reference frame is defined along its voltage and current variables, it is 
necessary to define the instantaneous power. 
The definition of active power, p, and reactive (imaginary) power, q, can be 
shown as: 
 p pp v i= =p pv .i  (2.92) 
and 
 
0
pqr p r
p q
q v i
v i
 
 
= × =  
 
 
pqr pqrv i  (2.93) 
From equations (2.92) and (2.93), we can write the power variables in scalar form 
matrix, as: 
 
1 0 0
0 1 0 .
0 0 1
p
r p q
q r
p i
q v i
q i
     
     
=     
     −    
 (2.94) 
Where qr is the reactive power in q axis, qq reactive power in r axis. 
And also it is easy to express the currents as the function of power variable as: 
 
1 0 0
1 0 1 0 .
0 0 1
p
q r
p
r q
i p
i q
v
i q
    
    
=     
    −     
 (2.95) 
 
Since the current components are orthogonal each other, it is possible to regulate 
each power variables freely without affecting the other components. 
The power diagram can be shown in Figure 2-29. 
 
Figure 2-29 Power diagram in pqr system 
 
qr 
qq 
p 
qqr 
s 
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2.5.2.3 Active Power Filtering using p-q-r Power Theory  
There are 2 choices of control methods in p-q-r theory; reference power control 
method and reference current control method. When the objective is to obtain the 
balanced and sinusoidal currents rather than using no energy storage element, the 
reference current control method is the better. When the goal is to uses no energy 
storage element in the APF rather than balanced and sinusoidal currents, the 
reference power control is the better. 
 
Reference current control method 
Reference current control method involves 2 issues, i.e. the elimination of neutral 
current and sinusoid balanced phase currents. 
The elimination of neutral current is possibly done by forcing the source current 
vector to be situated on the αβ plane. From equation (2.91), write only for i0 as : 
 ( )0 0
0
1
p ri v i v i
v
αβ
αβ
= +  (2.96) 
To force i0 to zero, it is necessary to satisfy: 
 
0
r p
vi i
vαβ
= −  (2.97) 
If ir is regulated as in the equation (2.97), the neutral current equal will always 
equal to 0. Since the p-q-r theory has 3 degrees of freedom, it is possible to 
regulate ir as mentioned in that equation without affecting the ip itself. 
Sinusoid and balanced phase currents can be obtained if ip and iq of the source 
equal to constant values. By using the active power filtering, ip will be forced to 
have only the dc value, and iq will be always zero, meanwhile the active power 
filter will provide the ripple component of ip and all the iq. In mathematical 
expression: 
 
_ _p p dc p aci i i= +  (2.98) 
where ip_dc is the dc value of ip, and ip_ac is the ripple of ip 
The ip_ac will be the reference value for the active power filter, and so as the iq. 
 
Reference power control method 
If using the reference power control method, theoretically no energy storage is 
necessary because the compensation involves only the instantaneous imaginary 
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power in 3-phase system. Therefore the size of dc link capacitor can be reduced 
drastically thus decreasing the size and cost of the APF.  
The reference powers used for the APF can be listed as follows: 
 
_
0
_
_ _ _ _ _
0
    or         or     
ref
q ref q
r ref r r ref r dc r ref r ac
p
vq q p
v
q q q q q q
αβ
=
= −
= = =
 (2.99) 
 
2.5.2.4 Implementation of Active Filtering Using p-q-r Theory 
To verify the concept, a digital simulation has been run with unbalanced nonlinear 
loads and the phase b voltage is set 90% than the other 2 phase voltages. The 
nonlinear loads are constructed from 3 single phase rectifiers with output 
connected to an L series to paralleled RC. The APF is constructed using 3-phase 
4-wire PWM converter with PI current regulator. In this example, the reference 
current control is used. 
Figure 2-30 shows the waveforms of load and source phase currents. To validate 
the harmonic contents of the waveforms, it is necessary to observe the spectrum of 
each waveform in Figure 2-31.  
From Figure 2-31, it is shown that the source phase currents have much less 
harmonics compared to the load phase currents. The 3rd harmonics are detected 
with only less than 3%. The elimination of neutral current can also be confirmed 
as given in Figure 2-32. 
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Load phase current waveforms
Source phase current waveforms
phase a phase b
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Figure 2-30. Load and source phase current waveforms 
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Load current spectrum : phase a
Load current spectrum : phase b
Source current spectrum : phase a
Source current spectrum : phase b
 
Load current spectrum : phase c
Source current spectrum : phase c
 
Figure 2-31. Spectrum of load and phase currents 
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Figure 2-32. Neutral current at the load and source side 
 
2.6 Summary 
In this chapter, the introduction of power based control of in 3-phase 3-wire and 
3-phase 4-wire converter has been described thoroughly. The focused power 
theories are the p-q power theory and p-q-r power theory. The p-q power theory 
gives a very good explanation about the mathematical and physical meaning of 
instantaneous power occurs in 3-phase power system. However, for the 
compensation of neutral current concept, in p-q power theory, it uses additional 
active power flowing in the phase lines. While in p-q-r power theory, it has 
introduced a decomposition of imaginary power without clearly explains the 
physical meaning but good in mathematical explanation. The decomposition of 
the imaginary power gives 3 degree of freedom for use in power control in the 
system. One other thing to remark that in p-q-r power theory, the compensation of 
neutral current is done by additional imaginary power flowing in the source side 
rather than active power as used in p-q- theory. Thus the power factor is not 
anymore unity. 
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Chapter 3  
Predictive Control with Hybrid Approach in 3-Phase 
4-Wire Active Power Filter 
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3.1. Introduction 
In the previous chapters, the predictive control development and the instantaneous 
power theories have discussed briefly. The goal of predictive control is to select 
the best voltage vector to apply during the sampled period. The instantaneous 
power theories give the reference values used for the converter. To reach or to 
approach this reference values, it is necessary to define a criterion which will 
guide the control.  
In this chapter, the use of both predictive control and instantaneous power theories 
will be applied on 3-phase 4-wire active power filter. The predictive control will 
adopt the hybrid control approach to select the appropriate vector to apply during 
the sampled period. 
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To give the illustration about the power based predictive control, in this chapter, 2 
examples will be demonstrated, i.e. hysteresis-based direct power control for 3-
phase rectifier and 3-phase rectifier with minimization of cost function J. The 
following sections will be started with this description [1,2]. 
 
3.2. Predictive Control in 3-Phase Rectifiers 
3.2.1 Hysteresis Control Based Direct Power Control for Rectifier 
Direct power control has been introduced for rectifier application [3,4]. It uses the 
power command, either active or reactive power, to control the power delivered to 
the load. By using this method, the conventional current control and modulation 
are no longer needed. The result of the technique is the fast response and the 
reduction in switching frequency. The known draw back is that the hyteresis 
control causes the increase in harmonic and the variation of switching frequency. 
This section will explain about the conventional hysteresis based direct power 
control. 
Rewriting equation (3.20) for the real and imaginary instantaneous powers for a 
balanced 3-phase voltage source in abc reference frame as: 
 ( ) ( ) ( )1
3
a a b b c c
b c a c a b a b c
v i v i v i
v i v ip
v i v i v v i v v i v v iq
α α β β
β α α β
+ + +    
= =    
− +  − + − + −       
 (3.1) 
In the form of matrix, equation (3.1) can be given by: 
( ) ( ) ( )
3 3 3
aa b c
bc b a c b a
c
iv v v
p
iv v v v v v
q
i
  
    
=
− − −           
   (3.2)
 
Assuming the source is sinusoid and balanced as: 
 
( )sin
22 sin
3
2
sin
3
a
b
c
t
v
v V t
v
t
ω
pi
ω
pi
ω
 
 
  
   
= −           
+  
   
 (3.3) 
Substitution equation (3.3) to equation (3.2) yields: 
99 
 2 .
a
b
c
i
p
V i
q
i
 
   
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Define new current variables denoted as: 
 
sin
cos
a
b
c
i
i
i
i
i
 
   
=   
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M  (3.5) 
The equation (3.4) can then be modified as shown in equation (3.6). 
sin
cos
2 .
ip
V
iq
  
=   
   
     (3.6) 
A balanced 3-phase voltage source connected through inductors L to a 3-phase 
converter can be shown in Figure 3-1. 
 
Figure 3-1 The general circuit of the 3-phase source and converter 
 
If the inductors have a same value L, these equations below can be written as: 
La a a u
Lb b b v
Lc c c w
v i v v
d
v L i v v
dt
v i v v
       
       
= = −       
              
   (3.7) 
Note that the 0 potential voltage point is taken from the ground point of the 
source. The derivation of equation (3.5) can be expressed as: 
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The substitution of equation (3.8) to (3.7) yields: 
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and  
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Substitution equations (3.10) and (3.11) into equation (3.9) yields: 
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where: 
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To simplify the calculation, firstly the voltage drops caused by coupled currents 
cosLiω  and sinLiω  are assumed negligible compared to the source and converter 
voltage. So the equation (3.12) can now be simplified as: 
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sin
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2 c
diL V v
dt
= −  (3.14) 
 
cos
_ cosc
diL v
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= −  (3.15) 
From these two equations, it is clear that isin and icos will depend only on vc_sin and 
vc_cos and based on equation (3.6), isin and icos will determine p and q. 
The source converter voltage measured from the ground point of the source 
voltage will have 8 possibilities, 2 among them have 0 volt potential (zero 
vectors). The binary representation can be used where ‘1’ means the upper switch 
in Figure 3-1 is closed while lower switch is opened. Thus ‘101’ means Tr1, Tr2, 
and Tr3 are closed, opened, and closed respectively.  
If the dc side converter voltage is assumed Ed, all of the possibilities of the ac side 
converter voltage can be shown in Table 3-1. 
Table 3-1. ac side converter voltage 
Switch state 
3dE×  101 100 110 010 011 001 
vu 1 2 1 -1 -2 -1 
vv -2 -1 1 2 1 -1 
vw 1 -1 -2 -1 1 2 
 
vc_sin and vc_cos can be obtained by using equation (3.13) and the results can be 
shown in Table 3-2. 
Table 3-2. vc_sin and vc_cos 
Switch state 
3dE×  101 100 110 010 011 001 
vc_sin 2
sin
3
piθ − − 
 
 ( )sin θ  sin
3
piθ − 
 
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vc_cos 2
cos
3
piθ − − 
 
 ( )cos θ  cos
3
piθ − 
 
 
2
cos
3
piθ − 
 
 ( )cos θ−  cos
3
piθ − − 
 
 
 
where tθ ω= . 
Now, the vc_sin and vc_cos depend on Ed and θ. Generally, the selection of θ is free, 
but as the voltage drops of qLiω  and pLiω
 
are negligible, the angle between 
voltage source and converter will not be much different. Therefore, a concept of 
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sector which is similar to the SVM has been proposed. It uses the occasion of the 
voltage source angle to determine the correct vector of converter, as the result of a 
combination between two adjacent vectors.   
In this example, if 6 6pi θ pi− < ≤   is chosen as sector 1, during the source voltage 
vector in this sector, the 2 vectors which will used for the converter are 101 and 
001, besides certainly the zero vectors. Between the 2 adjacent vectors, the vector 
which leads the other will be named as vector sequence A, and the other as vector 
sequence B. 
All sectors defined in this example can be shown in Table 3-3. 
Table 3-3 Sectors 
Adjacent vectors 
Sector Angle Vector sequence A 
(VA) 
Vector sequence B 
(VB) 
1 6 6pi θ pi− < ≤  101 001 
2 6 2pi θ pi< ≤  100 101 
3 2 5 6pi θ pi< ≤  110 100 
4 5 6 7 6pi θ pi< ≤  010 110 
5 7 6 3 2pi θ pi< ≤  011 010 
6 3 2 5 3pi θ pi< ≤  001 011 
 
The graphic plot of the vector sequence A and B for each sector, vc_sin_A and 
vc_sin_B, and vc_cos_A and vc_cos_B, as the function of θ derived in Table 3-2 can be 
shown in Figure 3-2 and Figure 3-3 respectively. 
-30 30 90 150 210 270 330
Vc_sin_A Vc_sin_B
 
Figure 3-2 vc_sin_A and vc_sin_B 
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Figure 3-3 vc_cos_A dan vc_cos_B 
 
From Figure 3-2, vc_sin_A always has positive values and a positive trend, while 
vc_sin_B has also the positive values but with negative trend. vc_cos_A  has positive 
values and vc_cos_B negative values, and the two of them, have a negative trend. 
Based on the equation (3.6) and Figure 3-2 and Figure 3-3, it is possible to 
determine the direct effect of the vector selection to ip and iq, which also means 
the direct effect to p and q. The converter will receive the command as Pref and 
Qref. The selection of vector A or B will effect to increasing or decreasing the 
instantaneous p and q. A hysteresis band ph and qh will be required to indicate that 
either the instantaneous p or q has exceeded a certain tolerance of power reference 
values. 
θ
 
Figure 3-4. Diagram block of direct power control 
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Figure 3-4 shows the simple diagram block of this predictive direct power control. 
For each sampled calculation time k, the algorithm of vector selection in each 
sector can be stated as shown in Table 3-4. This kind of table can be categorized 
as a switching table. 
Table 3-4 Switching table of direct power control 
                        q(k) 
p(k) 
p(k) > Pref + ph Pref- ph < p(k) < Pref+ph P(k) < Pref - ph 
p(k) > Pref + ph VA if q increase select VA  
if q decrease select VB  
 
VB 
Pref-ph < p(k) < Pref+ph if p increase 
select VA  
if p decrease 
select V0 
if p decrease select V0  
if p increase watch q, if 
q increase select VA, if 
q decrease select VB 
 
if p increase 
select VB 
if p decrease 
select V0 
P(k) < Pref - ph V0 V0 V0 
 
Where : 
• p(k) and q(k) are the measured sampled powers. 
• Pref, Qref  are the active and reactive power reference respectively.  
• ph and qh are the value of hysteresis band. 
• V0 is the zero vector 
A digital simulation of this direct power control is implemented for 3 phase PWM 
rectifier has been done and the simulated result is shown in Figure 3-5 and Figure 
3-6. 
The advantage of this direct power control is that we don’t need the PI regulators 
for the current control (except for the voltage regulation) and they are replaced by 
the simple arithmetical operations, i.e. multiplication and summation, which 
would be easier in implementing the control in microprocessor system. Its 
disadvantage is the use of hysteresis control which varies the switching frequency, 
so it would make the estimation of LC filter design more complicated. 
 
105 
 
Figure 3-5 Active and reactive power and the phase current waveforms 
 
 
Figure 3-6 Voltage and current waveform in phase a, and dc output voltage 606 volt 
 
 
3.2.2 Predictive Direct Power Control in 3-Phase PWM Rectifier with 
Minimization of Cost Function: Hybrid Control Approach 
Hybrid control, briefly, is a type of control which combines the nature of circuit 
having dynamic continued response and discrete character. With the existance of 
switch components, the power electronic circuits can be considered as hybrid 
circuits [5]. 
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A short illustration concerning this hybrid circuit is shown in Figure 3-7. 
The Boost converter in Figure 3-7 has a dynamic response for each STATE 
(STATE 1 or STATE 2) as shown in the differential equations. The discrete 
character is shown by the selection of the state. The hybrid control uses a certain 
criterion to switch among the states. 
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Figure 3-7 Power electronic circuit having the hybrid character 
 
For the 3 phase converter, for each state the vector, there will be an associate 
dynamic response. Since there are 8 vectors (6 active vectors and 2 zero vectors), 
there will be 8 states. But if we consider the two zero vectors have the same 
dynamic response to the voltage and current (except the switching or line losses 
are involved in the criterion), so there will be 7 states. 
Instead of looking the effect of the adjacent vectors of a sector to the power 
variables as described in hysteresis based direct power control where real and 
imaginary powers are chosen increasing or decreasing, it is in fact possible to 
choose among the 7 vectors which will bring the system closest to the power 
reference values.  
Taking the derivation of equation (3.6) yields: 
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Substitution equations (3.14) and (3.15) into (3.16) yields: 
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If the sampling period can be assumed small, the first order equation (3.17) can be 
approached with the linear approximation as denoted below: 
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In the sampled form, equation (3.18) can be written as: 
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Equation (3.19) gives the relation between the predicted power variables caused 
by future values of ac side converter voltages. Since there are 7 possibilities of 
converter voltage, it is possible to choose among the 7 voltages which can bring 
the system closest to the reference values. The cost function J can be defined as: 
 ( ) ( )2 2( 1) ( 1)ref refJ p p k q q k= − + + − +  (3.20) 
The voltage vector that minimizes the J function is chosen for the next sampling 
period. 
A digital simulation has been run to verify the concept with the circuit shown in 
Figure 3-8. The pref is set 3000 Watt and qref is 0 VAR to have the unity power 
factor. The simulated result can be shown in Figure 3-9. 
The reference value pref is set 3000 Watt thus the desired output dc voltage on 200 
ohm resistance can be calculated as  
 3000 200 774.6 dcV V= × =  (3.21) 
According to Figure 3-9, the dc voltage is around 790 Volt which has an error 2% 
of the desired voltage.  
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Also in Figure 3-9, the current waveform in phase a is detected in phase with the 
corresponding line voltage.  
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Figure 3-8. Three-phase rectifier using direct power control with minimization of cost 
function 
 
 
Figure 3-9. Power waveforms, output dc voltage, and source's voltage and current 
waveforms 
109 
 
 
Figure 3-10. Spectrum of current waveform: phase a 
The spectrum of phase-a current shows that it has the spreading interharmonics 
not concentrated n-th harmonics thus the switching frequency will vary for each 
one period of line frequency. 
To see the response of this method, a change of pref is given to become 5000 Watt 
abruptly. 
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current waveforms: phase a
 
Figure 3-11. Change in power reference value and its effect to the phase current 
 
From Figure 3-11, the abrupt change in reference value can be followed by the 
control well and the response is very fast. This fast response makes it possible to 
be used as for the applications which require the wide bandwidth such as the 
active power filters. 
The dc output voltage can be used as the reference value by transforming it into 
the power variables using the PI regulator. Thus, the dc voltage error problem can 
be solved. The simulation with dc voltage feedback can be shown in Figure 3-12. 
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Figure 3-12. Direct power control with dc voltage feedback 
 
The dc voltage can be kept well around 600 Volt as set by the reference.  
 
 
3.3. Hybrid Predictive Control on 3-Phase 4-Wire Active Power Filter 
3.3.1 Quasi-Hybrid Control on 3-Phase 4-Wire Active Power Filters using p-
q Theory 
In active power filter application, the use of current sensor in load side and the 
converter side is obligatory. Usually, the regular PI current controllers whose 
responses are dependent to the design of the controller are used for each leg of the 
converter. In addition, such implementation needs modulation part to generate the 
converter voltage. The modulation can be based of triangular waveform or space 
vector modulation. 
In direct power control concept, the current regulator and the modulation part is 
combined into a single controller. This leads to the fast response and the 
simplicity of the implementation of the controller.  
However, the conventional direct power control concept with hyteresis control is 
not suitable for active power filter application because of the fast change in the 
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reference. Contrarily, the direct power control with hybrid approach is suitable for 
the fast change like the active power filters. In this section a quasi-hybrid direct 
power control will be implemented in 3-phase 4-wire active power filters [6]. 
Figure 3-13 shows the flow of power variables in an electrical system with 3-
phase source, loads and active power filter as described in chapter 3. 
q0p
q 0 0 0p p p= + ɶ
p p
pɶ
pɶ
 
Figure 3-13. Power flow in 3-phase 4-wire system according p-q theory 
 
As shown in Figure 3-13, among the power components, p and 0p will be 
transferred permanently from the source to the loads, thus these power 
components will be the only components which are wished to be supplied by the 
source. The other power components can be compensated by the active power 
filter. 
0p  will be absorbed first by the filter through the phase lines and then be 
transferred to the loads through the neutral line. The transfer process of 0p can be 
done by compensating the neutral current which will also include the case where 
the source voltage is balanced, i.e. vo = 0 
The active power filter will be formed by the 3 phase 4 legs converter. In this 
proposed method, the 3 phase part of the converter will be regulated by using 
hybrid direct power control while the compensation of neutral current is carried 
out by the fourth leg of the converter using a PI current regulator. In this case, the 
3-phase part of the converter should be able to absorb 0p  and to provide 0pɶ  and q in 
the 3 phase lines, so that 0refp p p= − ɶ and refq q= −  will be considered as the reference 
power values used to control the converter. Recall Figure 3-1 which shows the 
source and 3-phase of the converter circuit 
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From the refp and refq , it is possible to have the reference current values as: 
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_
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1ref ref
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ref ref
i pv v
i qv vv v
α α β
αβ
β β αα β
−    
= =    
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I  (3.22) 
From Figure 3-1, it is clear that for each phase, there will be a mathematical 
relation as : 
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  (3.23) 
where: 
va_L, vb_L, vc_L  are the inductor voltages of phase a, b, and c respectively.  
va, vb, vc  are the source voltages and,  
vu, vv, vw  are the ac side converter voltages. 
From equation (3.23), the evolution of the currents can be approximated in linear 
discrete form as: 
 ( 1) ( ) ( ) ( )
a a u a
b b v b
c c c c
i v v i
Ti k v k v k i k
L
i v v i
        
∆         + = − +        
                
 (3.24) 
Using the transformation abc reference frame to αβ0 reference frame, the equation 
(3.25) can be obtained as: 
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 (3.25) 
Equation (3.25) gives the direct relation between the next current state and the 
converter voltage.  
If the dc side converter voltage is Ed, the possible values of the ac side converter 
voltages as function of the switch states (vectors) and their transformed values can 
be calculated and are shown in Table 3-5. 
Since there are only 7 combinations of the converter voltages, it is possible to do 
the selection among these voltages that can enable the active power filter to 
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approach the reference values 
_ refiα  and _ refiβ . This technique is normally known 
as the hybrid control and illustrated in previous section. 
 
Table 3-5. ac side converter voltages and their transformed values vα_c and vβ_c 
 va_c vb_c vc_c  vα_c vβ_c S1S2S3 
(vector)   3Ed×
 
 2 3 Ed×
 
101  1 -2 1  0.5 3 2−  
100  2 -1 -1  1 0 
110  1 1 -2  0.5 3 2  
010  -1 2 -1  -0.5 3 2  
011  -2 1 1  -1 0 
001  -1 -1 2  -0.5 3 2−  
000(111)  0 0 0  0 0 
S1S2S3 represents the switch states where :  
• Sn = 1  Trn (in Figure 3-1) is closed and Trn’ is opened, and  
• Sn = 0  Trn is opened and Trn’ is closed, with n = 1,2,3. 
After obtaining the present value of current, ( )i kα and ( )i kβ , it is possible to 
estimate their next values ( 1)i kα + and ( 1)i kβ + ,  led by each converter voltage 
vector by using equation (3.25).  
Since there are 7 different converter voltages, there will be 7 values of ( 1)kαβ +I . 
Among these values, there will be one which is the closest to 
_ refαβI . To calculate 
the distance between αβI  and _ refαβI , αβ∆I is introduced as in (3.26) and (3.27). 
 
_ refαβ αβ αβ∆ = −I I I  (3.26) 
 ( ) ( )2 22
_ _
( 1) ( 1) ( 1) ( 1)ref refi k i k i k i kαβ α α β β∆ = + − + + + − +I  (3.27) 
The vector which brings the αβ∆I  minimum will be selected for the switching 
period.  
To verify the proposed control method, a digital simulation using PSIM has been 
done.. The sampling period is fixed to 10 µs, Lfilter = 5 mH, Cdc = 2200 µF, V = 
220 V. PI current regulator is used for the 4th leg and triangular carrier frequency 
of 5 kHz.  
The overall circuit can be shown in Figure 3-15. The nonlinear loads are 
constructed from the 3 single phase rectifiers and are set unbalanced. 
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Figure 3-14. Vector selection criterion 
a
b
c
n
i
a
i
b
i
c
dc
capacitor
u
v
w
Tr
1
Tr
2
Tr
3
Tr
1
' Tr
2
' Tr
3
'
+
E
d
-
L
L
L
n’
L
20mH
220uF
20mH
220uF
20mH
220uF
V
dc_ref
PI
Tr
n
i
load_a
i
load_b
i
load_c
Hybrid Direct Power Control
PI Current
Regulator
p
ref
q
ref
 
Figure 3-15. Three-phase 4-wire electric system with active power filter using p-q- theory 
116 
 
The algorithm for the hybrid direct power control in 3-phase part of the APF can 
be shown in Figure 3-16. The first simulation is done under the balanced 3-phase 
voltage. 
 
p
	p
q
ɶq
0p
	
0p
Iαβ∆
Iαβ∆
 
Figure 3-16. Control algorithm for the 3-phase part of APF 
 
The simulated results can be seen in Figure 3-17. From this figure, it can be seen 
that the active power filter works successfully to provide the active filtering in 3 
phase lines. The load currents are shown having the harmonics while the source 
currents are forced to have only the fundamental component. The spectrum of 
source currents can be shown in Figure 3-20. 
The fourth leg regulation has successfully provided the compensation of the 
neutral current as the source neutral current is forced to zero while the peak 
neutral load current is detected around 20 ampere, as shown in Figure 3-18.  
Figure 3-19 shows the regulation of powers. It can be seen here that the active 
power p is delivered almost constantly by the source although the loads demand a 
fluctuated active power. 
Observing the reactive power q waveform, the source is successfully forced not to 
supply the reactive power as the value of q is always around 0.  
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Figure 3-17. Load current (above) and source current (below) waveforms 
 
Figure 3-18.  Load and source neutral current waveforms 
 
Figure 3-19. Instantaneous power absorbed by the 3-phase loads (above) and delivered by 
the source (below) 
118 
 
Figure 3-20. Spectrum of source current waveforms 
 
The simulation under unbalanced source voltage is done with the voltage at the 
phase b is set to 80% of the other phases. The result can be shown in the following 
figures. 
 
Figure 3-21. Load and source phase current waveforms under unbalanced voltage source 
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Load current spectrum : phase a
Load current spectrum : phase b
Source current spectrum : phase a
Source current spectrum : phase b
Load current spectrum : phase c
Source current spectrum : phase c
 
Figure 3-22. Spectrum of load and phase currents under unbalanced voltage source 
 
According to Figure 3-21, the APF can remove most of the harmonic contents 
caused by the loads. However, the technique is to force the delivery of constant 
real power from the source to the load and since the voltage is unbalanced, the 
phase currents will have several significant harmonic contents. Figure 3-23 
confirms that the source currents will slightly have the third harmonics.  
Figure 3-23 shows the instantaneous power waveforms at the load and source 
side. The elimination of neutral current is successfully done as shown in Figure 
3-24. 
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Instantaneous power waveform at load side
Instantaneous power waveform at the source side
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p
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Figure 3-23 Load side and source side power waveforms under unbalanced voltage source 
 
 
 
Figure 3-24 Load and source neutral current under unbalanced voltage source 
 
3.3.2 Angle-Based Vector Selection Scheme for Quasi Hybrid Control in 3-
Phase 4-Wire Active Power Filter 
To check the effect of the each vector as described in the previous section, 
however, demands a relatively bulky calculation. Therefore, it is desired to search 
simple scheme of vector selection for each sampling period. In this section, an 
angle based vector selection will be proposed for that purpose. 
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Rewrite equation (3.26) as: 
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The substitution of the equation (3.25) into the equation (3.28) yields: 
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A new variable ( )1k +NI can be introduced, which represents the known variables 
in equation (3.29), as: 
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Equation (3.30) can now be expressed as: 
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 (3.31) 
Since the objective is to find the minimum value of ( 1)kαβ∆ +I , it is necessary to 
generate a certain criterion to define a correct vector to apply. The proposed 
criterion can be shown in Figure 3-25. 
min∆I
 
Figure 3-25. Vector selection criterion 
To choose the best vector to apply, it is possible to use the angle between IN and 
each voltage vectors, which can be considered fixed in a sampling time period. The 
nearest angle to 180o will be used for selecting the corresponding vector. 
In this case of Figure 3-25, the vector v2 is chosen and its application during 3 
sampling periods will approach the system from the origin point [O] to the 
destination point [D]. If the ∆T is small enough, the voltage vectors can be 
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considered as linear. This value will also determine the maximum length of the 
voltage vectors, and hence the maximum application time. 
The result of the simulation can be shown in Figure 3-26 using the same loads as 
in Figure 3-15. According to Figure 3-26, the active power filter has successfully 
worked where the load currents are shown non-sinusoidal and unbalanced, while 
the source currents are sinusoid and balanced. Figure 3-28 shows the 
compensation of neutral current. The neutral current of the source side is indicated 
zero. Figure 3-29 shows the instantaneous power waveform to compare between 
powers delivered by the source and absorbed by the load. Note that the 
instantaneous real power can be successfully regulated to be constant and the 
imaginary power is set to always zero. 
 
Load phase current waveforms
Source phase current waveforms
phase a phase b
phase c
phase a phase b phase c
 
Figure 3-26. Load current waveform (above) and source current waveform (below) using 
angle-based hybrid control 
 
The technique can also be verified with unbalanced source where the voltage at 
the phase b is set to 80% of the other phase voltages. The simulated result can be 
shown in Figure 3-30 to Figure 3-33. 
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Compared to the previous technique especially in dealing with unbalanced source, 
it is interesting to observe the instantaneous power waveforms in Figure 3-23 and 
Figure 3-32. The angle-based hybrid control technique under the same model 
parameter is able to produce the constant delivered real power; while in the 
minimization of cost function technique a low frequency of real power is still 
detected even the reference value is already constant. 
 
Figure 3-27 Spectrum of load and source phase current waveforms using angle-based hybrid 
control under balanced source 
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Figure 3-28. The comparison between neutral current at the load side and the source side 
using angle-based hybrid control under balanced source 
 
Instantaneous power waveform at load side
Instantaneous power waveform at the source side
pq
p
q
 
Figure 3-29. Instantaneous power absorbed by the load (above) and delivered by the source 
(below) using angle-based hybrid control under balanced source 
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Load phase current waveforms
Source phase current waveforms
phase a
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phase a phase b phase c
 
Figure 3-30 Load and source phase current waveforms using angle-based hybrid control 
under unbalanced source 
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Figure 3-31 Spectrum of load and phase currents using angle-based hybrid control under 
unbalanced source 
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Figure 3-32 Instantaneous power waveforms using angle-based hybrid control under 
unbalanced source 
 
 
Figure 3-33 Load and source side neutral current using angle-based hybrid control under 
unbalanced source 
 
 
3.3.3 Fully Hybrid Control on 3-Phase 4-Wire Active Power Filter using p-q-
r Theory  
In the previous methods, the 4th leg of the converter compensates the required 
power to the neutral line by using the PI-based current regulator. This is done 
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because the p-q power theory separates the power variable defined for the neutral 
current and the compensation should be done also separately. 
Back to the concept of the direct power control, it is necessary to search another 
reference frame that can control the power delivered to the converter and also 
compensates the neutral current simultaneously without a distinguish current 
regulator for the 4th leg. 
Among the instantaneous power theory, the p-q-r power theory gives the answer 
of this problem [7]. The active and reactive powers which are delivered to the 
loads are defined using this source voltage vector. This means that there will be 
only one voltage variable. Also, in this power theory, the powers are decomposed 
into 3 types, one of them is the active power and the other 2 are the reactive 
powers. This power theory can also define the exact amount of reactive power for 
neutral current compensation. 
The current variables in p-q-r system, ip, iq, and ir, can be expressed as in equation 
(3.32). 
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The mathematical expression can be derived starting from the 3-phase 4-wire 
model of the source-converter connection as shown in Figure 3-34. 
 
 
Figure 3-34. Source - 3-phase 4-leg converter circuit 
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From Figure 3-34, the equation (3.24) and (3.25) are still satisfied. Rewrite 
equation (3.25) including the 0-axis component as: 
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 (3.33) 
From Figure 3-34, ac side converter voltage as the function of the switching state 
can be presented as shown in Table 3-6. 
Table 3-6. ac side converter voltage as a function of switching state 
 vu vv vw No. Sa Sb Sc Sd 
 x Ed 
1 1 1 1 1  0 0 0 
2 1 1 1 0  0.25 0.25 0.25 
3 1 1 0 1  0.25 0.25 -0.75 
4 1 1 0 0  0.5 0.5 -0.5 
5 1 0 1 1  0.25 -0.75 0.25 
6 1 0 1 0  0.5 -0.5 0.5 
7 1 0 0 1  0.5 -0.5 -0.5 
8 1 0 0 0  0.75 -0.25 -0.25 
9 0 1 1 1  -0.75 0.25 0.25 
10 0 1 1 0  -0.5 0.5 0.5 
11 0 1 0 1  -0.5 0.5 -0.5 
12 0 1 0 0  -0.25 0.75 -0.25 
13 0 0 1 1  -0.5 -0.5 0.5 
14 0 0 1 0  -0.25 -0.25 0.75 
15 0 0 0 1  -0.25 -0.25 -0.25 
16 0 0 0 0  0 0 0 
S1S2S3S4 represents the switch states where :  
• Sn = 1  Trn (in Figure 3-34) is closed and Trn’ is opened, and  
• Sn = 0  Trn is opened and Trn’ is closed, with n = 1,2,3,4. 
Ed will be the dc side voltage of the converter. 
The voltage vectors are now defined in 3 dimension space thus there will be 15 
different vectors. 
Similar to the previous method, to select one appropriate vector, it is possible to 
calculate the distance between the actual current values to the reference led by 
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each voltage vector. The vector which brings closest to the reference will be 
selected for the sampled period. 
Define the difference between reference and actual value as: 
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Note that the reference value can be obtained from equation (3.32) and the 
transformation pqr reference frame to αβ0 reference frame. 
The control will search the vector which leads to the minimum 0 ( 1)kαβ∆ +I . The 
illustration rest the same as shown in Figure 3-14, except the description is in 3 
dimension space. 
The simulation will be run under the unbalanced voltage source as the p-q-r theory 
is intended to solve the problem under this condition. The phase b voltage is again 
set to 80% of other voltages. The result of the simulation is shown in Figure 3-35. 
Load phase current waveforms
phase a
phase b
phase c
phase b phase c
Source phase current waveforms
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Figure 3-35. Load and source current waveforms with APF using p-q-r theory under 
unbalanced source 
From  Figure 3-35, it is easy to see that the APF using hybrid predictive control 
with p-q-r theory has successfully produced sinusoidal current waveforms at the 
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source side. If compared to the one produced by the quasi hybrid with p-q theory, 
the waveforms in Figure 3-35 have fewer harmonic and the spectrum can be 
shown in Figure 3-36. 
 
Figure 3-36 Spectrum of load and source phase current using APF with p-q-r theory under 
unbalanced source 
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Figure 3-37. Source and load neutral current with APF using p-q-r theory under unbalanced 
source 
 
Figure 3-38. Instantaneous powers and ip delivered by the source 
 
The successful compensation on neutral current can also be demonstrated in 
Figure 3-37.  The interesting point from the p-q-r theory can be seen in the 
instantaneous power waveforms produced by the source in Figure 3-38. The real 
power p has the oscillating component caused by the source’s imbalance. 
However, as the power filtering command forces the constant ip – which already 
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discussed at chapter 3 – produced by the source, the balanced and sinusoidal 
current waveforms can be obtained. 
 
3.3.4 Angle-Based Hybrid Control on 3-Phase 4-Wire Active Power Control 
using p-q-r Theory 
It is also possible to use angle-based hybrid control as the control scheme similar to 
the previous section [8]. Substitution equation (3.33) to the equation (3.34) yields: 
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 (3.35) 
Variable ( )1k +NI can be introduced, which represents the known variables in 
equation (3.35), as: 
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Equation (3.35) can now be expressed as: 
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To choose the best vector to apply, it is possible to use the angle between the 
IN(k+1) direction and the different voltage vectors, which can be considered fixed 
in a sampling time period. The vector selection can be described as shown in 
Figure 3-25, only in this case the vectors are in 3 dimension space. Thus, assuming 
that the vector length of voltage vector multiplied by T L∆  are much less than the 
vector IN(k+1), the largest angle between the two vectors will define the correct 
voltage vector to select for  the next sampling period. 
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Figure 3-39 shows the waveform of load and source current. The successful 
compensation of neutral current can be shown in Figure 3-41. The instantaneous 
power delivered by the source can be remarked on Figure 3-42. 
Using the angle-based scheme reduce the complexity of the vector selection. 
Compared to the searching-best-vector algorithm, the angle based scheme has 
much less calculation. However, the trade off of this technique is the decrease of 
current waveform quality as depicted in  Figure 3-39 and their spectrums in   
Figure 3-40 if compared to Figure 3-35 and Figure 3-36. But in digital hardware 
implementation, the angle-based scheme will consume less hardware resources 
thus yields lower calculation time which is more desired.  
 
Load phase current waveforms
phase a
phase b
phase c
phase b phase c
Source phase current waveforms
phase a
 
Figure 3-39 Load (above) and source (below) current waveform using angle-based hybrid 
control on APF with p-q-r theory 
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Load current spectrum : phase a
Load current spectrum : phase b
Source current spectrum : phase a
Source current spectrum : phase b
Load current spectrum : phase c
Source current spectrum : phase c
  
Figure 3-40 Spectrum of load and source phase current using angle-based hybrid control on 
APF with p-q-r theory 
  
Figure 3-41. Load and source neutral current waveform using angle-based hybrid control on 
APF with p-q-r theory 
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Figure 3-42. Instantaneous powers delivered by the source using angle-based hybrid control 
on APF with p-q-r theory 
 
3.3.5 Performance Comparison Between Developed Methods 
Since the active power filters are aimed to the reduction of source current’s 
harmonic content, the increase of power factor, and also to solve the current 
imbalance problem, it is necessary to compare the performance between the 
developed methods according to those objectives.  
The total harmonic distortion of a signal measures how far a signal might be from 
its fundamental component and can be defined as: 
 
2
2
1
(%) 100%
n
n
I
THD
I
∞
=
= ×
∑
 (3.38) 
Where n represent the n-th harmonic of the corresponding signal. The signal can 
be voltage or current. 
According to equations (2.23) and (2.24), the power factor in single phase system 
under nonsinusoidal condition can be defined as: 
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Where Vn and In are the effective values of n-th harmonic of voltage and current 
respectively, and αn and βn are their phase angles. Veff and Ieff are the measured 
effective values of voltage and current. In the special case where the source 
voltage has only fundamental component, equation (3.39) can be rewritten as: 
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Substituting equation (3.38) to (3.40) yields: 
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To find the power factor in a 3 phase system, the power variables can be scalarly 
summed. 
It is rather complicated to benchmark the current imbalance since the system is 
under unbalanced and nonsinusoidal condition as formulated in [10]. However, 
because this research is not focused in this area and the unbalanced current index 
is only used for comparing the developed methods, the author would like to use 
the simple approach which is usually given in general system. The unbalanced 
current index, UCi,  in a 3-phase system can be defined as: 
 
_ _ _ 100%
_ _ 3_i
Max deviation from averageUC
average of phase= ×  (3.42) 
 
where all currents are measured in their effective values. For example, the system 
with the loads shown in Figure 3-15 has the currents flowing in phase line a, b and 
c equal to 14.7 A, 14.7 A and 22.6 A respectively. The average value of the 3 
currents is 17.33 Ampere. The maximum deviation can be calculated by 
subtracting the average value from the phase c current, i.e. : 22.6 – 17.33 = 5.27 
A. Therefore, the Unbalanced Current Index can be written as : 
5.27 100% 30.4%
17.33
× = .  
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It is also important to take the amount of calculation into account to compare the 
complexity of each method, especially for the hardware implementation. The 
multiplication and division operations are more significant than summation and 
substraction operationq in the calculation process. 
Table 3-7 gives the comparison between the developed methods. From this table, 
it is easy to remark that each method is capable to eliminate the harmonics in the 
source side and also capable to balance the the system.  
Among the developed methods, the angle-based methods either quasi or fully 
hybrid are quite interesting. Especially for the angle-based quasi hybrid, the 
amount of multiplication and division operation is very low while the method is 
able to maintain the performance for THD and current imbalance in the source 
side. It needs only the arc cos lookup table which is not difficult to provide in 
simple digital systems. On th other hand, if the fully hybrid is prefered rather than 
providing an additional tuned PI regulator fot the 4th leg of the converter, the 
angle-based fully hybrid can also be a choicd with low amount of multiplications 
and divisions. However; as can be seen in the table, when using this method the 
generated THD in the source side grows rather significant compared to the other 
methods 
Table 3-7. Calculation amount and performance comparison the between developed methods 
Method Number of Calculation Load Source 
 Multiplication 
/Division 
Lookup 
Table 
Special 
Functions 
THD UCi THD UCi 
Ph. a : 3.02% 
Ph. b : 3.95% Quasi Hybrid (pq theory) 45 Sin 
 
Ph. c : 4.01% 
0.56% 
Ph. a : 3.68% 
Ph. b : 3.83% 
Angle-Based 
Quasi Hybrid 
(pq theory) 
8 Arc cos Square root 
Ph. c : 3.78% 
0.27% 
Ph. a : 3.32% 
Ph. b : 3.28% Fully hybrid (pqr theory) 245 - Square root 
Ph. c : 3.33% 
0.21% 
Ph. a : 6.59% 
Ph. b : 6.72% 
Angle-Based 
Fully Hybrid 
(pqr theory) 
72 - Square root 
Ph. a : 31.3% 
Ph. b : 31.3% 
Ph. c : 26.12% 
30.4% 
Ph. c : 6.52% 
0.43% 
 
 
3.4 Summary 
In this chapter, the predictive control using hybrid control techniques have been 
proposed and tested in 3-phase 4-wire active power filter. The control techniques 
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involve 2 kinds of control scheme, i.e. the hybrid control with minimization 
criterion and hybrid control with angle-based criterion. The hybrid control with 
minimization criterion gives better waveform quality at the source side, 
demonstrated with the less harmonic contents. However, this technique requires 
bulky calculation which will consume a lot of resources in hardware 
implementation [9]. 
On the other hand, the use of the hybrid control with angle-based criterion 
produces more harmonic contents in current waveforms at the source side, but less 
calculation in determining the selected vector. This will lead to reduced 
calculation time and less hardware resources.  
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Conclusions and Perspectives 
 
 
 
The literature study on power quality mitigation in the 3-phase 4-wire power 
system revealed the need of the powerful control methodology to implement in 
power compensator system or known as active power filter. The use of 
conventional control leads to the high frequency switching requirement for the 
employed active power filter. The predictive control scheme is proven to give 
better performance for such application while having a lower switching frequency. 
However, the bulk calculation will be required for the predictive control 
especially with the minimization of cost function methodology. 
This work has provided the proposed hybrid predictive control for use in the 3-
phase 4-wire active power filter. The comparison between the cost function 
minimization strategy and the angle-based methodology has been demonstrated. 
The cost function minimization strategy needs a lot of calculations to decide the 
selected voltage vector with good performance. This strategy will fit with the 
application using the very high speed microprocessor system. 
On the other hand, the angle-based hybrid predictive control requires small 
amount of calculation with lower but acceptable performance and suitable with 
the system using the common microprocessor system. 
The experimental bed has been constructed and the test is being progressed but 
unfortunately is not finished yet. However, the developed control strategy must be 
verified in experimental step and this is the first thing on the priority list in this 
work. The photo below shows the experimental bed. The calculation process is 
done by using 150 MHz high speed DSP based on TMS320C6711 processor.  
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Photo of the constructed experimental bed 
 
The scheme of the test can be shown in the figure below. 
 
Scheme of the experimental bed 
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Besides the error of the currents, this research will be continued and the analysis 
by using other criterion such as the switching losses will be done. It also possible 
to combine several criterions within one cost function by considering other control 
aspects such as the capacitor voltage and minimization the switching state change 
or switching frequency. 
The developed control strategy will also be generalized for the use in multilevel 
converters. Nevertheless, in such applications, there will be a lot of combinations 
of the voltage vectors. This will lead to the compromise between the real-time 
direct calculation of the criterion and the use of a switching table. Especially for 
the multilevel structure, future solution would be the fast evaluation of the 
criterion by using the control table. 
The predictive model can also be developed for higher order such as 2nd or 3rd in 
order to be able to estimate the future action more precisely. 
In short words, it can be concluded that the hybrid predictive control is very 
interesting and has a good performance while maintaining the high efficiency in 
calculation effort. 
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